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PREFACE 


This final number of Volume 52 of the QUARTERLY TRANSACTIONS of the 
American Institute of Electrical Engineers is of unusual importance for several 
reasons: 


1. It completes the Institute’s published records of technical papers and 
related discussion for the year 1933. 


2. It embraces in a single bound volume the same scope of material that 
customarily has been included in separate quarterlies, one dated September 
and the other dated December. 


3. It closes the six-year era of QUARTERLY TRANSACTIONS. 


4. It contains a comprehensive and generously cross referenced subject 
index and author index covering all quarterly issues of the TRANSACTIONS for 
1933; also includes reports of the Board of Directors for 1932 and for 1933. 


In effect, there are in this single bound volume two quarterly numbers 
of the TRANSACTIONS, embracing material as follows: 


1. In the September section (pp. 711 to 944) 


All technical papers and related discussions presented at the 
Institute’s North Eastern District (No. 1) meeting held at Schenectady, 
N. Y., May 10-12, 19388; 


Part of the papers together with their associated discussion, pre- 
sented at the Institute’s 49th annual summer convention held at 
Chicago, Ill., June 26-30, 1933. 


2. In the December section (pp. 945 to 1153) 


The remainder of the technical papers and associated discussion 
presented at the 1983 summer convention; 19383 technical committee 
reports and reports of the Board of Directors for 1932 and for 1933; 
composite reference index for 1933. 


By combining these two quarterly numbers of TRANSACTIONS into this single 
bound volume, it has been possible to effect some necessary savings in costs 
without diminishing the material included in the TRANSACTIONS; also to obviate 
certain delays otherwise beyond control, thus making possible the distribution 
of the December contents much earlier than has been possible in the past. 


As discussed extensively in several articles appearing in ELECTRICAL 
ENGINEERING during the latter half of 1933, and as contained in notices to all 
TRANSACTIONS subscribers, the 1934 A.I.E.E. TRANSACTIONS will be issued 
in December 1984 as a single bound volume embracing the contents of the 12 
monthly issues of ELECTRICAL ENGINEERING for that year. By thus obviating 
the discrepancy that has prevailed between the total contents of HLECTRICAL 
ENGINEERING for a given year and the contents of the bound volumes of 
TRANSACTIONS, the annual volume of TRANSACTIONS will become a complete 
reference record of all technical and related material published by the Institute 
for the current year. 


_ diameter of 15 in. (88.1 cm). 


The Electrical Characteristics of Impregnated 
Cable Papers 


BY C. L. DAWES* 


Member, A.I.E.E. 


and 


N CONNECTION with the investigation of ioniza- 
tion in impregnated-paper insulated cables con- 
ducted at The Harvard Engineering School under 

auspices of the impregnated-paper cable research 
committee of the National Electric Light Association, 
it was found necessary to determine over a considerable 
range of voltage gradient, temperature, and frequency, 
the electrical characteristics of cable papers impreg- 
nated with different cable oils and compounds. The 
impregnation was conducted under almost ideal labora- 
tory conditions so that little if any gas was occluded. 
When the results of the measurements were rationalized 
and analyzed, it was found that to a remarkable degree 
they all conformed to the same general laws. These 
laws and the analyses of the electrical characteristics 
into components may appear to be only empirical. 
However, they are results of some fundamental causes, 
involving probably molecular and intramolecular re- 
actions. Therefore, aside from any value which the 
results presented may have as engineering data, they 
may at some time be of value in confirming or in dis- 
proving some more fundamental theories of dielectrics. 
Moreover, it is found that actual cables when impreg- 
nated so thoroughly that they manifest no appreciable 
ionization, have electrical characteristics comparable to 
those obtained with these samples impregnated under 
almost ideal conditions. Hence the characteristics of 
impregnated cable paper given here are available as 
standards with which cables may be compared. 


APPARATUS 


Each sample consisted of twelve flat circular sheets 
of wood-pulp paper, each sheet being approximately 
6.5 to 6.7 mils (0.165 to 0.170 mm) thick and having a 
Details of the apparatus 
and method of impregnation are given in bibliography 
reference No. 2, although minor improvements have 
since been made. Briefly, both the cable paper and the 
compound were subjected to a drying process for ap- 
proximately 9 hr at 105 deg C and at a vacuum better 
than 2 mm of mercury. For approximately 21 hr 
longer, during impregnation and after the complete 
impregnation of the sample, the temperature and the 
vacuum were maintained at the values stated. Hence, 
the completed samples should contain, either in absorp- 
tion or as voids, only the slightest traces of gas. 


*Associate Professor of Electrical Engineering, The Harvard 
Engineering School. 

+Assistant Professor of Electrical Engineering, Tulane Uni- 
versity. Formerly Instructor in Electrical Engineering, The 
Harvard Engineering School. 

Presented at the North Eastern District Meeting of the A.I.E.E., 
Schenectady, N. Y., May 10-12, 1933. 
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P. H. HUMPHRIES} 


Associate, A.I.E.E. 


In these particular tests, three cable oils, widely di- 
vergent in their physical characteristics, were used. 
Compound (or oil) A is a light clear oil of low viscosity 
and is described as follows: “a light oil especially pre- 
pared so that amorphous constituents are removed.” 
Its Saybolt viscosities are approximately 250 and 40 
sec at 30 and 100 deg C, respectively. Compound B isa 
paraffin base cylinder oil having a Saybolt viscosity of 
150 sec at 100 deg C. Compound C is of a petrolatum 
base containing a small amount of rosin (about 5 per 
cent). The Saybolt viscosity-second characteristics of 
all three compounds are given in Fig. 3 of bibliography 
reference No. 2. 

All measurements were made on the mutual-induc- 
tance power-factor bridge which has been in use in The 
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Fig. 1—Coouine Curves or THE THREE INSULATING 
CompouNnDs TESTED 


Harvard Engineering School laboratories for some 
years past.’ 


COOLING CURVES 


It has been found that when compounds are heated 
to 100 deg C or thereabouts and allowed to cool slowly, 
the temperature-time characteristic frequently shows 
an abrupt change, usually near 50 deg C. Moreover, the 
electrical characteristics of many cable papers impreg- 
nated with compounds show abrupt changes or reach 
minima at or near this temperature. For example, the 
minimum of the V- or U-curves occur at or near this 
temperature. (See Figs. 14, 15, and 16 in bibliography 
reference No. 1; Figs. 4 and 6 in No. 5; pp. 38-46 in No. 


3. For numbered references see Bibliography. 


vag 


712 DAWES AND 
9;also Nos. 11 and 12.) Possibly this change in slope is 
due to a change in the molecular structure of the com- 
pound which is accompanied by an internal thermal 
change. Cooling curves for these three compounds are 
given in Fig. 1. It may be noted that compounds A 
and B show no abrupt changes in slope; compound C 
shows such a change at 46 deg C. This may be due toa 
molecular change in the rosin itself or to an interaction 
of the rosin content with other ingredients of the com- 
pound at this temperature. 


PoWER LOSss-VOLTAGE GRADIENT CHARACTERISTICS 


As arule, at room temperature, the power factor and 
dielectric constant of impregnated paper as functions 
of voltage gradient are constant.? This relationship has 
been found also by others.4’ Furthermore, inthe Harvard 
laboratories, this relationship has been found true with 
pyrex and other glasses which are much more nearly 
perfect dielectrics than impregnated cable papers. 


Fig. 2—(Lerr) Powrr 
Loss - VotTagE GRADIENT 
CHARACTERISTICS OF Com- 
POUND B, PLOTTED wiTH 
LogariTHmMic COORDINATES 
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Fig. 3—(Ricut) Powrr 
Loss - VOLTAGE GRADIENT 
CHARACTERISTICS OF Com- 
POUND C, PLOTTED WITH 
LoGgarirHmMic CooRDINATES 
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When the power factor and dielectric constant do not 
vary with change in voltage gradient, the power loss 
must increase as the square of the voltage gradient. 
When the power loss varies as the square of the voltage 
gradient, the power loss-voltage gradient characteristics 
when plotted with log-log coordinates are linear and 
have a geometrical slope of 2. Such characteristics for 
compounds B and C are given in Figs. 2 and 3. In each 
case the slope of the graph at room temperature (about 
20 deg C) is 2. Hence, at room temperature, the power 
‘loss in cable impregnating compounds usually increases 
as the square of the voltage gradient. 


With the exception of the graphs at 65 and 80 deg C 
for compound C, the logarithmic power graph for each 
of these three compounds is a single straight line at 
every temperature; at these two temperatures, for com- 
pound C, each graph consists of two straight lines. 
Compound C contained rosin; it is well known that at 


HUMPHRIES Transactions A.I.E.E. 
temperatures at and above 65 deg C some of the constit- 
uents of rosin (abetic acid) volatilize and changes occur 
inits composition. This effect has been reported also by 
Whitehead (p. 57 in reference No. 10). The change in 
slope of these two graphs is undoubtedly due to some 
change in the rosin content of the compound. It is to 
be noted, however, that both sections of each graph are 
linear. 


The foregoing graphs indicate that among cable im- 
pregnating compounds there is a tendency for the power 
loss to increase as a constant power of the voltage 
gradient. This exponential law has been observed by 
others.! Even at the two higher temperatures for 
compound C this law appears to hold. The constants 
of the functions at the higher values of voltage gradient, 
however, differ from those at the lower gradients. 

The slopes (a in Table I) do not appear to have any 
definite relationship to the temperature. Above room 
temperature, slopes of less than 2.0 seem to predominate 
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for compounds A and C, whereas the slopes for com- 
pound B are all greater than 2.0. When the slope is 
less than 2 the power factor decreases with increase in 
voltage gradient (seeeq (4)). Whitehead, Kouwenhoven, 
and Hamburger‘ explain this phenomenon as follows: 
With the best impregnated paper, 7.e., absence of mois- 
ture, the ions become more mobile at the higher tem- 
peratures and accordingly are swept out of the field 
more rapidly by the increasing voltage gradients. 
Dunsheath" explains a rising power factor characteristic 
as being due to inevitable particles of moisture be- 
coming more elongated under increasing voltage 
gradient. 

From the foregoing relationships, it follows that the 
power loss per unit volume is 


(1) 
where K is the loss coefficient, # the voltage gradient in 


P = KE* watts per cu cm 


—_ é a 
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volts per cm, and a@ the loss exponent. In Table I are 
given the values of K and a for the three compounds, 
A, BandC. 


TABLE I 
Temperature K (multiply by 
Compound deg C a 10-18) 

TEs) A circa, Raa 2.0 1.718 
Sor Osseo tnaereae 2.15 0.915 

A a 2M raseleore Bikes “aner 50.0.. 1.9 18.9 
65.0%, sitastgee ss 1.84 .55.9 
SOON Fas akin nel TES (oases ils es 98.5 
PAU ear eh rs Hen ave QO eee Ga eas ora 
BORO aid. oes 8 DAO ieen ts 8s, exsilens 0.0234 

Spe toa aoe SO Ones seen Daa: TES en arte 0.385 
(ETN Omens crue roieeions EOD Wis ie ciscoene 3.95 
80.20 co ratin sh Otte DOR Rae shite eens 8.34 
24.0.. PK Ve eeon 3.34 
So LOR se eas 2. OGn yee 3.06 
BO BOR etn aeie.-- £595) ores nad 

Ca Ba eiatths Gites GBI. OF. aA Pasi a T98 Va see Sf ot 
65.0T. ECO. aerate 2,490.0 
SOO aie fs B95. eteak we Gano 
SOROS cutee rs 1.42 23,800. 


+E less than 66 kv per cm 
+E greater than 66 kv per cm 
TE less than 64 kv per cm 
SE greater than 64 kv per cm 


The foregoing power loss-voltage gradient character- 
‘istics are not unique properties of carefully prepared 
impregnated paper samples only. In Fig. 4 are shown 
the power loss-voltage gradient characteristics of a 
10-ft sample of a 300,000-cir mil 6/32-in. (0.477-cm) 
wall impregnated-paper cable for several different 
temperatures. There are two sets of characteristics: 
one. set was obtained before the cable had been sub- 
jected to any life test; the second set was obtained after 
this cable had been subjected to 190.7-hr life test, the 
temperature undergoing a weekly cyclic variation of 
from 20 to 60 deg C and the voltage undergoing a 
weekly cyclic variation of from 0 to 42.5 kv. Under 
these conditions this cable showed only very slight 
ionization. It is to be noted that in every case these 
characteristics are linear, indicating again that under 
these conditions the power loss varies as a constant 
power of the voltage gradient. Such characteristics are 
typical of many impregnated paper cables having no 
appreciable ionization. 


It is believed that the coefficient K and the exponent 
a@ may be used as a basis for the comparison of cable- 
impregnating compounds. 


POWER FACTOR CHARACTERISTICS 


Equation (1) makes it possible to express the power 
factor of an impregnating compound in analytical form. 
Thus the power factor is given by 
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where C is the capacitance in farads per cu cm and w 
is 27 times the frequency f. 


From equation (2), 
a—2 


Power factor = ——~———— 
Cw 


(3) 


It was found that the maximum variation of the 
capacitance C at any one temperature was 4 per cent 
for all three compounds. This was an extreme value 
occurring at 50 deg C for compound C. For the most 
part, the variation was of the order of 1.5 per cent. 


Fie. 4—(Lert) PowrErR 
Loss - VoutTaceE GRADIENT 
CHARACTERISTICS OF 300,000- 
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LATION 


AFTER 190.7 HOURS 
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If an average value be used, at the most the change in 
the capacitance C is only 2 per cent. Hence, for practi- 
cal purposes 

Power factor = K,EH*~? (4) 
where K, is essentially a constant and equal to K/Cw. 

If the power factor characteristic be plotted with 
log-log coordinates, the resulting graph should be linear 
and the geometrical slope should be a— 2. It is ap- 
parent that if a = 2, the slope is zero and the character- 
istic is a horizontal straight line, such as occurs at room 
temperatures. If a> 2, the slope is positive; if 
a < 2, the slope is negative. 

As an example, the log-log power factor character- 
istics for compound A are shown in Fig. 5 and the slope 
of each characteristic is designated thereon. These 
characteristics are all linear. The slopes (a — 2) are 


714 DAWES AND 
very nearly in accordance with the values of a given 
in Table I. 

With each of the three compounds, the slopes of the 
power-factor characteristics for room temperature are 
all found to be zero in accordance with the foregoing 
analysis. With both compounds A and C, the slopes of 
the characteristics are both positive and negative. 

When the power factor characteristics are plotted on 
the usual coordinate paper, as a rule they are not 
exactly linear, but with the usual scales used they are 
nearly so. However, it is well known that their slopes 
are sometimes found to be positive and sometimes nega- 
tive. Whether or not their slopes are positive or nega- 
tive also depends on whether a is greater or less than 2. 
Frigon" also shows this last relationship. Each of the 
two characteristics at 65 and 80 deg C for compound C 
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POWER-FREQUENCY CHARACTERISTICS 


In electrical measurements over the limited ranges of 
power frequencies made with many different dielectrics, 
the authors have always found that if the dielectric was 
homogeneous, the power loss at constant temperature 
and frequency varied almost as a linear function of the 
frequency. This relationship has been found to hold 
with such high grade dielectrics as glass and pyrex,® 
with carefully impregnated paper insulation such as 
with the three compounds, A, B, and C, and even with 
cables which have negligible ionization. Frigon" in his 
tests of impregnated papers also shows this same 
relationship. (The authors realize that this linear rela- 
tionship does not exist over extremely wide ranges of 
frequency because of the Debye dipole effect.7'*) 
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Fig. 7—(CrEentER) Power Facror- 
FREQUENCY CHARACTERISTICS FOR Com- 


POUND B 

Fig. 8—(Rieut) Series ReEsistiviry- 
FREQUENCY CHARACTERISTICS FOR .ComM- 
POUND A 


is found to have two slopes, which is in accordance with 
the changes in slope of the power characteristics in 
Fig. 3. 

It may be observed that with a few of the character- 
istics, the relation of the plotted points to the character- 
istics Indicates poor precision. This is due to the fact 
that the slopes are the differences of two nearly equal 
quantities aw and 2 and hence the differences usually are 
very small, relatively to a and 2. As an extreme ex- 
ample, in Fig. 2 consider the characteristic at 80 deg C 
where a = 2.03. An error of only 1 per cent in the 
value of a produces an error of 600 per cent in the slope 
of the power factor characteristic. Hence, these power 
factor characteristics are sensitive criteria of precision 
and the values of a in equation (1) may be obtained from 
them with much greater precision than from the power 
characteristics themselves. 


40 0 0 
FREQUENCY , CYCLES PER SEC 


30 40 50 60 
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The power-frequency characteristics for compound A 
at constant voltage gradient of 49.2 kv per em (125 
volts per mil) and for various temperatures, are given 
in Fig. 6; they are typical of those for the other two 
compounds. ‘These characteristics are linear, except 
that the characteristic at 80 deg C shows very slight 
curvature. For most practical purposes, however, the 
linear relationship may be assumed and the power ex- 
pressed by the equation 


(5) 


where P, is the intercept of any characteristic with the 
power axis, m is the slope of the characteristic and f the 
frequency. Obviously P» is the inferred power loss per 
cu cm at zero frequency or with direct current. 


In Table II are given the frequency constants Py and 
m of the three compounds for different t emperatures. 


P = P, + mf watts per cu cm 
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TABLE II 
Temperature 
Compound deg C Pot mt 
LO Ge eeatrceisss ros Oi Sorcievetets ts a 0.0075 
BS) < ais ticks cence eee OND Oierey cee s)sci ces = 0.017 
PA eicsctctin siscercrter ae DO eMac tiene csceke <2 ORD wise is dys oo.8 0.0094 
COG perees o ns sees USCS ee ere ae 0.026 
SOM eae s ewe Peo aerate fe ceteusie sore 0.086* 
oie eee costae ORO Russias acccstels 0.0075 
SOMME eee crtceocu ress Qe Ae siiies ies 3 0.018 
Bia ic Seven ooeenevete es DO PM Piha tts sci fae OR SE's cetelsnarene ons. 0.009 
GGYa\e ge Bhd meee eae OR6G%iS.cecdea: 0.0146* 
SO pic Sete teak ons LOB ncoes sedece eas 0.0201 
tS A eRe ER OLS G.2)d stasis Sirs 0.0091 
Cersig wise a eons, 2 gs NE be atone a a O05 wictets, s.<taudters 0.025 
GO" Pek ae ZeBr latets ci oicte ois s 0.032 
SO RMR es ora 2 Sinister es whee he 0.0725 


*Up to about 60 or 65 cycles. 
{Multiply all values by 10°. 


POWER FACTOR-FREQUENCY CHARACTERISTICS 


From equation (5), it may be shown that the power 
factor-frequency characteristics for such compounds 
are essentially rectangular hyperbolas. 


For example, the power factor 


Po + mf 


12 
Power factor = rg ae ECArf) 


Me te eo gO 
Bore; 1. Oc hC. | ae 


where a and 0 are essentially constant. 
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Fic. 9—Powerr Loss-TEMPERATURE CHARACTERISTICS FOR 
Comrpounp A at DIFFERENT FREQUENCIES 


The first term of equation (6) is the well-known equa- 
tion of the rectangular hyperbola; the second term is 
constant. Hence, equation (6) represents a rectangular 
hyperbola in the first quadrant with the power axis 
as one asymptote and a line parallel to the frequency 
axis, + 6 watts from it, as the other asymptote. Fig. 
7 gives the power factor-frequency characteristics for 
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compound B at a constant voltage gradient of 49.2 kv 
per cm, (125 volts per mil) for different temperatures. 
It may be observed that these characteristics are 
rectangular hyperbolas in accordance with equation (6). 
(Corresponding characteristics for compounds A and C 
arevery similar.) Frigon'!showsthissame type of charac- 
teristic, but does not attempt to derive the functions. 


Fig. 10—Powsrr Loss- 
TEMPERATURE CHARACTER- 
IsTIcSs OF ComMPpouND A 
at DIFFERENT VOLTAGE 
GRADIENTS 


2100 


. KILOVOLTS PER CM 


MILLIWATTS PER CUCM 


) 


From equation (6) the power factor approaches ), or 
m/(27E?C), as the frequency is increased, provided the 
dipole molecular effect does not occur. With compound 
B at 65 deg C, a = 0.1635 and b = 0.00363. At a fre- 
quency of 50 cycles, the power factor is: equal to 
0.00827 + 0.00363 = 0.00690. 

Hence, at this temperature and frequency, the two 
terms in equation (6) are almost equal. 


EQUIVALENT SERIES RESISTIVITY 
The equivalent series resistivity is 


P P 
Cie To > TEeC2 (7) 
When it is desired that p become a function of the volt- 
age gradient EL’, at constant temperature and frequency, 
equation (1) may be substituted in equation (7) giving 
KE* K 


p= EPC? w? re Cian ee 


(8) 

Since C is essentially constant for any given tempera- 
ture and over the usual ranges of voltage gradient, 
equation (8) is the same form of function as the power 
factor characteristic. It is generally true that the 
equivalent series resistivity and the power factor 
characteristic are similar in form as already has been 
shown by one of the authors.® 


When p becomes a function of temperature, at con- 
stant frequency and voltage gradient, the function is 
essentially that of the power-temperature characteristic. 
When p becomes a function of frequency, at constant 
voltage gradient and temperature, the function is a 
combination of a rectangular hyperbola and an inverse 
square function. For example, from equations (5) and 


(7) 
P, m ) 9 
re + f (9) 


The coefficient of the parenthesis is essentially con- 
stant. The first term in the parenthesis is an inverse 


P, + mf u iL ( 
Pp“ EPC2(2rf)? ~  (20EC)? 
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Fie. 11—Power Loss-TEMPERATURE CHARACTERISTICS OF 
CompounpD A, PLorrep with LoGARITHMIC CooRDINATES 


square term and the second term used alone gives the 
equation of a rectangular hyperbola. Hence, the 
equivalent series resistivity characteristic is the sum of 
an inverse square function and a rectangular hyperbola. 
A family of these characteristics for compound A is 
shown in Fig. 8. 


EQUIVALENT PARALLEL CONDUCTIVITY 
The equivalent parallel conductivity is 
P KE 
Ez #8 # 


Y> = SKE Se (10) 

Hence, the equivalent parallel conductivity function 
is of the same form as the power factor function given 
in equation (4).8 From equation (5), y, as a function 
of frequency, with constant temperature and voltage 
gradient, is linear being similar to the power-frequency 
function. 
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POWER-TEMPERATURE CHARACTERISTICS 


It was found possible to resolve the power-tempera- 
ture characteristics into two simple exponential com- 
ponents. This analysis is found to be valid for the 
family of characteristics plotted with constant voltage 
gradient, but with different values of frequency (Fig. 9). 
Except for the very lowest portions of the characteristics 
for compound C, the analysis is valid for the family of 
characteristics plotted with constant frequency and 
with different values of voltage gradient (Fig. 10). 

Consider Fig. 11, which gives the power-temperature 
characteristics abc at both 30 and 60 cycles for com- 
pound A (from Fig. 10) plotted with log-log coordinates. 
Up to 50 deg C each characteristic is linear, showing that 
up to this temperature the power increases as a constant 
power of the temperature. At 50 deg C, the upper 
portion bc of the graph departs from the lower linear 
portion ab and lies above bd, the lower linear portion 
extended. At temperature T.., corresponding to point b, 
the characteristic departs from the simple initial ex- 
ponential law. However, if the portion bd be subtracted 
from the portion bc and replotted on log-log coordinates, 
as shown by characteristic B, the resulting graph also 
is found to be linear. Thus, beyond the critical tem- 
perature 7'., the power is represented by the sum of 
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Fig. 12—ComponeEnts or Power Loss-TEMPERATURE 
CHARACTERISTICS OF CoMPOUND A 


two exponential characteristics A and B. The geo- 

metrical slope and hence the exponent of the function 

is denoted on each characteristic. The characteristics 

shown in Fig. 11 are re-plotted in Cartesian coordinates 

in Fig. 12. 

The total power P may be expressed as the sum of 
two components 

P=A+B8B (11a) 

= aT” + b6T? (11b) 

where a and 0 are coefficients and ” and p are exponents, 

all constant at any one frequency and voltage gradient; 


yy 
> 
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the second terms are zero below the critical temperature 
T.. The exponent is of the order of unity and de- 
creases with increase in frequency. The constant a, 
when used in connection with watts per cubic centi- 
meter, varies from nearly zero at 20 cycles to the order 
of 0.05 to 0.1 at 70 cycles for compounds A and B; 
for compound C, v is of the order of from 2 to 4 and a 
varies from zero to 8x 10-*. The variation of these two 
constants with frequency for all three compounds is 
shown in Fig. 18. 
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For compound C at the lower frequencies, the com- 
ponent B becomes negative. In Fig. 14 are shown three 
log-log power-temperature characteristics of compound 
C for 60, 45, and 30 cycles at a constant voltage gradi- 
ent of 49.2 kv per em (125 volts per mil). It may be 
noted that at 60 cycles the portion bc of the character- 
istic lies above the straight line abd; at 45 cycles there 
is no deviation from a straight line relationship, show- 
ing that the B component is zero at all temperatures; 
at 30 cycles the portion bc of the characteristic lies 
below the straight line abd, showing that the B com- 
ponent of the power characteristic is negative. How- 
ever, at both 60 and 30 cycles the B component of the 
power loss still follows the simple exponential law, as is 

shown by the characteristic B for both these frequencies. 
-’ The values of the constants b and p for the three 
compounds are given in Table ITI. 


TABLE III—CONSTANTS 5 AND p IN EQUATION (11b) 


Fre- 
quency Compound A Compound B Compound C 
cycles 
per sec b Pp 5 p b Dp 
AER, Oro ouch al Siehs tous tetiralaLh eeePaions, teensy ee, ist siete See aes eters 0.542x10~°. ..5.08 
70... 0.222x10-15, .8.56...0.096x10—"”. ..7.0 
60... 0.198x10-15. .8.56...9.89 x10-!2...5.88...0.704x104. ..4.38 
50... 0.198x10-15. .8.56...4.95 x107!. ..6.04 
40...24.07 x10". .7.40...0.425x10-". . .6.54 
30... 0.103x10-15. .8.56...0.211x10-1®. ..8.84...0.502x10-"...8.50 
Otc 13 58) 310 oe 
10... 0.019x10-1*. .8.60 


It is interesting to note that Frigon" also expressed 
portions of his power-temperature characteristic as two 
logarithmic functions. However, his characteristics 
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were of the U or V type. 
follows: 


From QdegCto 25degC P = mT-°? 
70 deg C to110 deg C P = oT? 


where P is power, m and o constants, and T temperature 
in deg C. 

The first term applies to the portion of the character- 
istic at the left of the minimum and the second term 
to the portion at the right of the minimum. It is also 
interesting to note the similarity of the content and 
analyses of this paper to those of Frigon, although the 
Frigon paper was not discovered by the authors until 
after this paper had been prepared. It may be noted 
further that none of the three samples described in this 
paper shows any tendency toward the well known U or 
V power or power factor characteristics. This may well 
be due in part to the dielectric characteristics of the 
paper itself. 

The analysis of the power loss in these compounds 
into two exponential components appears at this time 
to be only empirical. However, two factors seem to 
have some significance: First, the critical change occurs 
at or very near 50 deg C; other investigators have found 
this temperature to be critical in relation to the elec- 
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Potential gradient, 49.2 kv per cm (125 volts per mil) 


trical characteristics of compounds of this character. 
Second, the power losses, whether functions of voltage 
gradient or of temperature, have a tendency to follow 
an exponential law. It is well known that ionization 
currents in gases, for example, such as are given by 
Townsend’s continuity theorem, are exponential in 
character. Hence, it may be shown at some later time 
that the foregoing relationships are due to inherent 
characteristics of the molecular relationships within the 
dielectric. 


CONCLUSIONS 


1. An abrupt change in the slope of the cooling curves 
of some cable compounds occurs in the neighborhood of 
50 deg C; this may indicate changes in the molecular 
structure. 

2. It appears to be a general law that the power loss 
in cable compounds varies as a constant exponential 
power of the voltage gradient, the exponent usually 
being 2 at room temperature; at higher temperatures it 
may be greater or less than 2. 

3. The power factor characteristics of cable com- 
pounds are exponential functions of the voltage 
gradient, the exponent being related to that for the 
power characteristics. 

4, The power-frequency characteristics are essentially 
linear, having a positive intercept at zero frequency. 

5. The power factor-frequency characteristics are 
essentially rectangular hyperbolas. 

6. The equivalent series resistivity-voltage gradient 
characteristic is the same type of function as the power 
factor-voltage gradient characteristic. 

7. The equivalent parallel conductivity-voltage gradi- 
ent characteristic is the same type of function as the 
power factor-voltage gradient characteristic. 

8. The power-temperature characteristics for con- 
stant frequency and constant voltage gradient appear 
to consist of two terms, each of which is a constant- 
exponential function of the temperature. 

The authors are indebted to Dean H. E. Clifford of 
The Harvard Engineering School for his helpful sug- 
gestions in the preparation of this paper. 
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Discussion 


R. Reiter: Referring to Fig. 2, or Table I, of the paper, note 
that the slopes of the power loss-voltage gradient characteristics, 
given by the power loss exponent @ of the voltage gradient, 
reach a maximum in the range of temperature variation em- 
ployed. Other investigators, for example Debye*, Kitchin,* and 
Race, have found similar critical characteristic peaks when they 
varied the operating temperature or frequency of their materials, 
which consisted of single chemicals such as glycerin, and more 
complicated compounds such as oils. It is possible that, as in 
the case of the turbo-alternator set, critical points exist which 
must be avoided by the cable designer in choosing and using 
cable materials, and in specifying the proper operating range of 
the finished cable. Professor Dawes’ work can be used to ad- 
vantage in determining the proper design constants and thus 
can reduce materially the factor of ignorance which is now known 
to be high. 

Eric A. Walker: The writer recently has been conducting 
numerous tests at the Harvard Engineering School, to determine 
the relationship between the electrical characteristics of cables 
and the frequency. It was found that the power loss in im- 
pregnated paper insulated cables was given by the function. 


P = Py) + mf® (1) 


where 
P_ is the a-e power loss in watts per 1,000 ft. 
Py is the d-c power loss in watts per 1,000 ft. 
m is a constant for any one voltage and temperature. 
jf is the frequency in eycles per second. 
@ isa constant exponent for any one voltage and temperature. 


Then the 


ower factor = pa + eS 
: ~ Kf Kfi- 
Ke = 272°C 
E being the impressed rms voltage. 
C the capacitance in farads. 


(2) 


where 


If @ = unity these equations are identical to those given by 
Professor Dawes, and equation (2) represents a rectangular 
hyperbola with one asymptote displaced from the frequency 
axis by a constant quantity. 

P) was measured accurately by applying a high continuous. 
voltage and measuring the steady-state leakage current. The 
power loss P with alternating voltage was measured with a. 
Dawes-Hoover bridge. 

For a 350,000 cir-mil stranded conductor cable with 19/64 
inch (7.52 mm) wall impregnated paper insulation, at 13,950 
volts and room temperature, Py) was found to be 0.0014 watt per 
1,000 ft and P at 60 cycles per second was 24.2 watts per 1,000 ft. 

However, as is shown in Fig. 1, curve A, @ was not equal to 
unity but equal to 0.965. By inspecting equation (2) it is seen 
that the power factor-frequency characteristic is not a rectangu- 
lar hyperbola but is a characteristic which rises more rapidly 
than a rectangular hyperbola as the frequency decreases. This 
function is shown in Fig. 2. 


*This work is Jescribed in Gemant’s ‘‘Eleectrophysik der Isolierstoffe.”’ 
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It is evident also that if @ were greater than unity the power 
factor might decrease as the frequency is decreased, for then we 
have 


power factor = 


Ri” on 
a onred 3) 
as is shown from the d-¢ measurements mf“greatly exceeds P, 
and as mf“-! will decrease with frequency for values of a from 
1 to 2, the power factor also may decrease. 
The equivalent series resistance as determined by Professor 
Dawes is given by: 


Fe Po m 
= ——. Kp = 


(4) 


where K’ = (27 EC)? 


If, as has been shown P) is negligible compared with mf%, and 
@ equals unity the equation represents a rectangular hyperbola. 
However as @ in the cable under discussion equals 0.965 the 
characteristic rises more rapidly than a rectangular hyperbola 
as the frequency is decreased. In Fig. 2 the equivalent series 
resistance characteristic for this cable rises more rapidly than a 
rectangular hyperbola. 


Fig. 1—Power Loss vs 
FREQUENCY 


Curve A—350,000-cir mil 
stranded conductor 19/64 in. 
wallimpregnated paper insu- 
lation—13,950 volts, 20 deg 
5C 

Curve B—No. 6 solid con- 
ductor 7/32 in. wall rubber 
insulation—7,000 volts, 20 
deg 5C 
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Very different. characteristics were obtained when rubber- 
_insulated cables were tested. For a No. 6 solid copper conductor, 

7/32 inch (5.55 mm) wall rubber insulation at room temperature 
and 7,000 volts the power factor is a linear function of fre- 
quency from 10 to 60 cycles per see. The characteristic for 
frequencies from 10 to 60 cycles is given in Fig. 3. By extra- 
polation the power factor at zero frequency becomes zero. This 
seems anomalous for under continuous voltage conditions, after 
the transient has subsided, the power factor equals unity. How- 
ever the definition of the power factor as the cosine of the angle 
between the voltage and current loses its significance with 
continuous voltage. 

The equivalent series resistance and the equivalent series 
capacitance remain constant with change of frequency. 

With an equivalent series circuit to represent the dielectric: 


KE? (power factor)? 
_ equivalent series resistance 


power = (4) 

Therefore the power should be an exponential function of 
frequency. This is shown by curve B in Fig. 1 where power is 
plotted as a function of frequency on log-log coordinate paper. 
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The slope of the characteristic is 2. Therefore for this rubber 
insulated cable 
P= Py + Of? 

where P, at 7,000 volts and room temperature = 0.0077 watts/ 
1,000 ft and is negligible above 10 cycles per second; b is a con- 
stant and is equal to 2.83 - 10-1°H?. 

J. B. Whitehead: Most of the behavior shown for impreg- 
nated paper by Messrs. Dawes and Humphries can be accounted 
for in terms of the theory of dielectric absorption. Under this 
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Fig. 2—Power Factor AND EQUIVALENT SERIES RESISTANCE 
vs FREQUENCY 


350,000-cir mil stranded conductor 19 /64 in. impregnated paper insula- 
tion—13,950 volts, 20 deg 5 C 
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Fig. 3—Power Factor anp EQUIVALENT SERIES RESISTANCE 
vs FREQUENCY 


No. 6 solid conductor—7/32 in. wall rubber insulation—7,000 volts, 
20 deg 5 C0 


theory power loss increases as the square of the voltage gradient. 
At higher temperatures the increase in the conductivity of the 
oil causes a more rapid rise with voltage. At low temperatures 
power factor is independent of the voltage gradient and either 
may rise or fall at higher temperatures, depending on the initial 
conductivity or ionic content of the oil. Power loss is propor- 
tional to frequency, but also proportional to power factor, and 
the latter either may rise or fall with frequency. Consequently, 
the power frequency relationship is not simple. In the writer’s 
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opinion, the power factor frequency curve is not a hyperbola, 
but the curves as the authors have shown them, if extended to 
lower frequencies, would pass through a maximum decreasing to 
zero at zero frequency. A number of variations in the shape of 
the loss temperature curve of impregnated paper, as affected by 
the characteristics of the oil, may be seen in the paper, The 
Dielectric Losses in Impregnated Paper, A.1.E.E. Trans., June 
1933, p. 667. 

C. L. Dawes: Mr. Walker finds that with a commercial im- 
pregnated paper eable the alternating current component of 
power loss does not increase proportionately to the frequency as 
was found by the authors for carefully impregnated flat samples, 
but rather to the 0.965 power. The two exponents differ from 
each other only by 3.5 per cent which is not large when the wide 
variations among the properties of even similar dielectrics are 
considered. The difference cannot be attributed to errors in 
measurement since the precision was far too high to permit a 
deviation of 3.5 per cent. It can be shown theoretically that 
with homogeneous insulation the power loss as a function of fre- 
quency should be the same whether the sample is flat or eylindri- 
eal. As is well known a somewhat similar discrepancy exists 
between the actual dielectric strength of homogeneous cylindrical 
dielectrics, and that derived theoretically from the properties of 
flat samples. Mr. Walker who is conducting this research at the 
Harvard Engineering School continually is obtaining new data 
and eventually it may become possible for him to reconcile this 
difference in the exponents. 

It is this same difference in the exponents which accounts for 
the power factor and equivalent series resistance relationships 
which he derives from his equations (3) and (4). 

Mr. Walker is obtaining some very interesting results with 
rubber cables when subjected to relatively high voltage gradients. 
The alternating current component of power loss appears to in- 
erease as the square of the frequency rather than as the first 
power as is found with impregnated paper. This relationship is 
quite surprising. Mr. Walker intends to investigate this phe- 
nomenon further and undoubtedly will conduct power frequency 
experiments with flat rubber samples for comparison. 

Doctor Whitehead states that at the higher temperatures the 
inerease in the conductivity of the oil causes a more rapid rise of 
loss with the voltage gradient than at the lower temperatures. 
From his previous sentence which refers to the square of the 
voltage gradient it might be inferred that at the higher tempera- 
tures the loss increased at a higher power of the voltage gradient 
than the squared power. That this is not true is shown in Table 
I. For example, with compound A the value of the exponent & at 
19.5 deg C is 2:0 whereas at 80 deg C itis but 1.875. Likewise the 
exponent for compound C at the higher temperatures is con- 
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siderably less than at room temperature. The exponent for com- 
pound B reaches a maximum of 2.4 at 50 deg C and is only 2.03 
at 80 deg C. Similar relationships occur with the 300,000 cir 
mil cable whose characteristics are shown in Fig. 4. Hence the 
more rapid rise of loss with voltage gradient at the higher tem- 
peratures to which Doctor Whitehead calls attention and which 
undoubtedly is due in a large measure to an increase in the 
conductivity of the oil obviously is not given by an increase in 
the voltage gradient exponent. Further inspection of Table I 
shows however that the coefficient K increases very rapidly with 
temperature. For example, with compound A the value of K 
at 80 deg C is 98.5 compared with 1.718 at 19.5 deg C. Thus the 
more rapid increase in loss with voltage gradient at the higher 
temperatures is accounted for by an increase in the power loss 
coefficient and not in the voltage gradient exponent. 

Doctor Whitehead’s statement that power loss is proportional 
to power factor obviously is correct, but in attempting to analyze 
the properties of dielectrics we find it more simple to consider 
power loss as a fundamental property of the dielectric rather than 
the power factor. The power factor is a function of two proper- 
ties, power loss and voltamperes, and the voltamperes in turn 
are proportional to the permittivity. The permittivity obviously 
is a fundamental property of the dielectric. Hence to us it ap- 
pears more rational to consider power loss rather than power 
factor as a fundamental criterion of dielectric properties. 

It may well be, as Doctor Whitehead states, that the power 
factor frequency characteristics are not rectangular hyperbolas 
to frequencies at or very near zero since the power factor may be 
zero at zero frequency. We of course find the characteristics to 
be rectangular hyperbolas in the frequency range of from 75 to 
20 eyeles. The region between zero frequency and the very low 
power frequencies is practically unexplored. The experimental 
difficulties in extending the frequency below 15 cycles are well 
known. To us it would seem that the characteristics would re- 
main rectangular hyperbolas at least to frequencies that were 
almost zero. Possibly near zero frequency a maximum might be 
reached and the power factor fall very rapidly to zero, thus giving 
a discontinuity in the slope of the characteristic at or near zero 
frequency. However, so far as we know this fact has not been 
confirmed experimentally. Mr. Walker states that with rubber 
cables the power factor function does give zero power factor at 
zero frequency. Our knowledge of the fundamental properties 
of dielectrics would be increased considerably were data on the 
properties of dielectrics between zero frequency and 15 cyeles 
available, particularly data near zero frequency. The difficulties 
of making these measurements may be overcome at some time 
in the near future if the recent progress in making dielectric loss 
measurements continues. 
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Loss Characteristics of Silicon Steel at 60 Cycles 
with D-C Excitation 


BY R. F. EDGAR* 


Associate, A.I.E.E. 


NTEREST in the loss characteristics of sheet steel 
subjected to combined alternating and direct mag- 
netic fields is of long standing. Previous work on 

the subject includes that reported by M. Rosenbaum! 
and F. Holm? in 1912, by J. D. Ball’, and L. W. Chubb 
and Thomas Spooner ¢* in 1915 and’21, and by Y. Niwa, 
Y. Asami‘, J. Matura, and J. Sugiura’ in 1923 and ’24. 
(For numbered references see Bibliography.) 


FLUX: 
DENSITY 


INDUCED VOLTAGE 


EXCITING CURRENT 
| 
Z| 


EXCITING CURRENT 
i ‘= 
aD 
aa 
! 
1 
' 
1 
' 


CG 
INDUCED VOLTAGE (—) - HYSTERESIS LOOPS 


EXCITING CURRENT (---) 


FLUX DENSITY 


Fig. 1—Wave Forms or Inpucrep VouracE, Fiux Density, 
AND EXcITING CURRENT WITH CoRRESPONDING HyYstTERESIS 
Loors, SHOWING THE HFrEct or D-C ExciratTion 

a—Alternating flux density (one-half total pulsation) 

d—Direct flux density (average over a complete cycle) 

p—Peak flux density (maximum in each cycle) 

a—Amplitude of exciting-current pulsation 

y—Direct component of exciting current (average current) 

z—Peak value of exciting current 

Subscript 1 refers to conditions with no d-c excitation 

Subscript 2 refers to conditions with d-c excitation 


There are a number of applications in which either 
power transformers or instrument transformers may be 
subjected to d-c excitation. The a-c core-loss and 
excitation characteristics of the core material under such 
conditions are of importance, for they affect the rating 
of the power transformers and the accuracy of the 
instrument transformers. Combined alternating and 


direct magnetic fields are present in other types of 


apparatus also, affecting their performance by chang- 
ing the characteristics of the magnetic circuits. 

The diagrams of Fig. 1 illustrate the change of the 
cycle of magnetization which is caused by a direct 
component of exciting current. The flux wave and the 
corresponding hysteresis loop are shifted from their 
symmetrical positions by a direct component of flux 
density. The shape of the hysteresis loop is changed; 
in general, its area, which represents the hysteresis loss 
per cycle, also is changed, although the amplitude of 
pulsation (vertical length) remains the same. 

*General Electric Co., Schenectady, N. Y. 


Presented at the North Eastern District Meeting of the A.I.E.E., 
Schenectady, N. Y., May 10-12, 1983. 


The eddy current loss, being a function of the effective 
value of the induced voltage, is not affected by the direct 
component of flux density, if, as assumed in Fig. 1, the 
amplitude and form of the flux and voltage waves re- 
main unchanged. The assumption regarding the form 
of the voltage wave is only approximately correct, how- 
ever. Changes in the exciting current wave form and 
amplitude will react upon the impedance in the magne- 
tizing circuit to distort the wave form of the induced 
voltage; so that the eddy current loss will be changed 
somewhat. 

The change in the exciting current is associated with 
the change in the shape of the hysteresis loop. The 
general slope of the loop is decreased, so that the same 
pulsation of flux density (vertical length) requires a 
much greater pulsation of exciting current (horizontal 
length). Thus, in Fig. 1, the amplitude of the exciting 
current pulsation (x2, 2:1) is much greater for the dis- 
placed than for the symmetrical flux wave, although 
the amplitude of flux pulsation (ds, a1) is the same for 
both. There is, of course, a small component of excit- 
ing current due to eddy current loss, which is neglected 
in Fig. 1. 

The converse effect, that of superposed a-c excitation 
on the d-c excitation is illustrated by the diagrams" of 
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Fig. 2—Wave Forms or InpucEp VottaGn, FLtux Density, 
AND ExcrtTING CURRENT, WITH CORRESPONDING HYSTERESIS 
Loors, SHOWING THE Errect oF VARYING FLUx PULSATION ON 
THE Direct COMPONENT OF EXCITATION 


a, d, p, x, y, z—Same as in Fig. 1 
Subscript 1 refers to conditions with a small flux pulsation 
Subscript 2 refers to conditions with a large flux pulsation 


Fig. 2. The two flux waves have the same direct 
components of flux density (d:, d2) but different alter- 
nating components (a@,, @2). The direct components of 
exciting current (y:, ys) are quite different. 

The changes in the shape of the hysteresis loop illus- 
trated in Figs. 1 and 2, have been shown in detail by 
several of the investigators mentioned previously. This 
paper describes a series of a-c core loss and excitation 
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tests with superposed d-c excitation which recently were 
made on low-, medium-, and high-silicon sheet steel, 
and presents in detail the results for the first and the 
third of these three grades. 


METHODS OF TEST 


The tests were made on 20-lb laminated ring samples 
9.45 in. outside diameter by 6.3 in. inside diameter. 
The rings were wound with uniformly distributed pri- 
mary and secondary windings of 200 turns each, the 
primary being outside of the secondary. 


Fig. 3—Crircurr Diagram For Core Loss anp EXCITATION 
TESTS WITH SUPERPOSED D-C ExcitTaTION 


Core loss—S, open: S2, S3 closed 
Excitation—S closed: S2, S3 open 


Fig. 3 shows the apparatus and circuits used, and 
makes clear the method of supplying the combined 
alternating and direct current to the primary winding 
of the sample. The core loss was measured with an 
astatic reflecting dynamometer wattmeter. The 
secondary voltage was measured with both a flux volt- 
meter®:® (reading average rectified voltage times 1.111) 
and an rms voltmeter, thus allowing both the alter- 
nating flux density and the secondary copper loss to be 
determined correctly for a distorted voltage wave form. 
The use of the two voltmeters also allowed the eddy 
current loss to be corrected for a distorted voltage wave 
form, in separating the two components of the total core 
loss. 

The direct flux density was measured with an over- 
damped ballistic galvanometer connected to a single- 
turn coil on the sample, deflections being read as the 
direct current was reversed. Several reversals were 
made each time before recording the deflection. A 
high-reactance choke coil was connected in series with 
the galvanometer to insure a negligible alternating cur- 
rent and negligible loss in that circuit. The galvanom- 
eter was calibrated by means of a standard mutual 
inductor, its sensitivity being adjusted by a shunt 
resistance. 

In making the tests, the flux voltmeter reading, and 
consequently the alternating flux density, was held 
constant at each desired value while the direct current 
was varied in steps over as great a range as the current 
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carrying capacity of the primary winding permitted. 
The sample was demagnetized each time before pro- 
ceeding to the next value of alternating flux density. 
Considerable time was allowed between readings with 
no power on, in order to minimize heating of the sam- 
ple, and consequent error in the calculation of the eddy 
current loss. 

In separating the total core loss into hysteresis and 
eddy current components, the percentage of eddy cur- 
rent loss with no d-c excitation was taken from the 
results of numerous separation tests previously made 
on the same material, and it was assumed that the 
eddy current loss was not affected by superposed d-c 
excitation except as the voltage wave form was changed. 
At high densities, where a difference in the readings of 
the two voltmeters indicated a distortion of the voltage 
wave form, the calculated eddy current component was 
multiplied by the square of the ratio of the rms voltage 
to the flux voltmeter voltage before subtracting it from 
the total core loss. This correction was necessary be- 
cause the calculated eddy current loss was for a sine 
wave form of voltage, and therefore somewhat less than 
that actually existing with the distorted voltage wave. 

The excitation tests were made in a similar manner, 
except that the total rms current and the direct current 
were measured, instead of the power in watts. An rms 
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ammeter and a d-c ammeter were connected in series 
with the primary winding, and the wattmeter and the 
rms voltmeter were switched out of the circuit. The a-c 


component of exciting current was determined from the 


equation 
Tyee = / Pesta =F Tos2 


RESULTS 


The silicon contents were approximately 214, 314, 
and 4 per cent for the low-, medium-, and high-silicon 
steels, respectively. Each material was annealed before 
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the samples were punched out. The low-silicon steel 
sample was punched from sheets 0.019 in. thick; the 
medium- and high-silicon steel samples were punched 
from sheets 0.014 in. thick. 

Results are presented graphically in Figs. 4 to 11 
inclusive. Only the hysteresis component of core loss 
is given. Alternating flux density values refer to half 
the amplitude of flux pulsation, and direct flux density 
values to the average flux density over a complete 
cycle; a-c excitation values refer to the effective value 
of the alternating component and d-c excitation values 
to the average current over a complete cycle. 

The alternating flux density ranged from zero to 
18,000 gausses (116.1 kilolines per sq in.), and the direct 
flux density from zero to 15,600 gausses (100 kilolines 
per sq in.) the highest value of the sum of the two com- 
ponents being approximately 20,000 gausses (129 kilo- 
lines per sq in.). 
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Fies. 6 anp 7—Hysteresis Loss vs. ALTERNATING FLUX 
Density witH Various Direct Fiux Densities, ror Low- 
Srnicon Stern (LEFT) AnD (RigHT) ror HieH-SILicon STEEL 


Throughout the range of flux density for which the 
solid-line a-c excitation curves of Figs. 8 and 9 are 
plotted, the form factor of the induced voltage did not 
vary from 1.111 by more than 1 per cent. For the 
dotted-line curves of Figs. 8 and 9, with the exception 
of the two uppermost curves, the form factor of the 
induced voltage wave did not vary from 1.111 by more 
than 4 per cent, and for the two uppermost dotted-line 
curves it did not vary from 1.111 by more than 9 per 
cent. 

Curves for the medium-silicon steel (not included in 
the paper) were similar in form to those for the other 
two'grades. 


DISCUSSION OF RESULTS 


Hysteresis Loss. Inspection of the curves of Figs. 4 
and 5 shows that for alternating flux densities of 14,000 
gausses (90.3 kilolines per sq in.) and greater, the 
hysteresis loss tends to decrease immediately as direct 
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flux density is superposed; for alternating flux densities 
of 12,000 gausses (77.4 kilolines per sq in.) and less, it 
tends first to increase to a maximum, and then to 
decrease. For these lower densities, the hysteresis loss 
did not fall below the value without superposed direct 
flux density. However, the final slopes of some of the 
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curves (Figs. 4 and 5) indicate that such a reduction 
might occur if the direct flux density were carried high 
enough. 

In the range between the two densities given in the 
preceding paragraph, there is an alternating flux density 
for which the initial tendency of the hysteresis loss is 
neither to increase nor to decrease. It may be called 
the “critical’’ value. For the low-, medium- and high- 
silicon steels the critical values are approximately 
18,500, 13,800 and 13,200 gausses (87, 89, 85 kilolines 
per sq in.) respectively. Two of these are illustrated by 
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Figures on curves represent direct flux density in kilolines per sq in. 


the dotted-line curves in Figs. 4. and 5. Values for the 
dotted-line curves were read from the curves of Figs. 6 
and 7, the critical alternating flux density being ap- 
proximately the density at which the curve for no direct 
flux density intersects that for 2,000 gausses (12.9 kilo- 
lines per sq in.). 
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Table 4 of Doctor Holm’s paper? shows a critical 
value of 13,450 gausses (86.7 kilolines per sq in.) for 
motor sheet steel. Table I of the paper by Chubb and 
Spooner‘ indicates a critical value of approximately 
10,300 gausses (66.5 kilolines per sq in.) for silicon steel. 
Apparently none of the other investigators referred to 
carried the alternating component of flux density high 
enough to determine the critical value. 

The critical value indicated by the tests of Chubb and 
Spooner is considerably lower than the others, all of 
which are nearly alike. This may possibly be accounted 
for, at least in part, by the fact that the tests of Chubb 
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and Spooner were made on a transformer rather than 
on a ring sample as were the present tests and those of 
Dr. Holm. 

These results also may be used to calculate approxi- 
mately the hysteresis loss which occurs when alter- 
nating flux waves of two different frequencies are com- 
bined to form a flux wave with pulsations. The loss for 
each cycle of the pulsation during one low frequency 
cycle is found by taking an alternating flux density 
equal to half the amplitude of the pulsation and a direct 
flux density equal to the mean value of flux density 
during the pulsation. The losses for all the pulsations 
in one low frequency cycle then are added to give the 
pulsation loss per cycle. The symmetrical hysteresis 
loss for an alternating flux density equal to the maxi- 
mum flux density during the cycle then is added to give 
the total hysteresis loss per low frequency cycle. This 
procedure assumes that the area of the minor hysteresis 
loops traced by the pulsations of flux is approximately 
the same as that of the minor loops of the same flux 
density range which have been repeated many times 
with a constant displacement, and that the area is the 
same whether the upper tips of the minor loops be on 
the normal induction curve or on the boundary of a 
large symmetrical loop. The paper by Spooner® shows 
that these are approximately true, although the first 
minor loop is somewhat larger than succeeding ones, 
and the area varies slightly with horizontal displacement 
of the loop even though the vertical displacement is 
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constant. The minor loops also may slightly affect the 
area of the symmetrical loop. Unfortunately, no data 


appear to be available to determine the extent of this 


effect. 

Excitation. The first group of excitation curves 
(Figs. 8 and 9) shows that for any given alternating flux 
density, superposed d-c excitation increases the re- 
quired a-c excitation. The solid-line curves of Figs. 8 
and 9 represent the rms excitation corresponding to a 
sine wave of induced voltage, since for the range they 
cover, the form factor of the induced voltage was 
within 1 per cent of 1.111. The values of excitation 
given in the dotted-line curves, for which the wave form 
became somewhat distorted, are higher than would 
have been obtained with a sinusoidal voltage wave. 

The second group of excitation curves (Figs. 10 and 
11) shows the effect of superposed a-c excitation on thé 
direct flux density and the d-c excitation. In the range 
from zero up to 11,200 gausses (72 kilolines per sq in.) 
approximately, depending on the material, the direct. 
flux density for a given value of d-c excitation is some- 
what increased by small amounts of superposed alter- 
nating flux density; larger amounts decrease it. Neither 
the exact extent of the direct flux density range nor the 
value of the alternating component giving the greatest. 
increase of direct flux density could be determined be- 
cause of lack of data for alternating flux densities be- 
tween zero and 2,000 gausses (12.9 kilolines per sq in.) 
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Direct flux densities above this range are not increased 
at all by superposed a-c excitation, but are immediately 
decreased. 


CONCLUSIONS 


1. These tests constitute an addition to existing 
core loss and excitation data which will be helpful in 
designing apparatus in which combined alternating and 
direct magnetic fields occur. They will assist also in. 
predicting the performance of existing designs when 
subjected to similar conditions of magnetization. 

2. Both alternating and direct components of flux 
density were carried to high values. 


Corrections were: 
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made for distortion of the voltage wave form at high 
densities. 

3. In the range of alternating flux density below a 
certain value, which may be called the “‘critical’”’ value, 
hysteresis loss tends first to rise, then to reach a maxi- 
mum, and finally to decrease, as d-c excitation is super- 
posed and the alternating component of flux density is 
held unchanged. Superposed d-c excitation decreases 
the hysteresis loss for any given alternating component 
of flux density in the range above the critical value. 

4. The critical value of alternating flux density for 
silicon steel lies in the range 18,200 to 13,800 gausses 
(85 to 89 kilolines per sq in.). 

5. The a-c excitation for any given alternating flux 
density is increased by superposed d-c excitation. 

6. The d-c excitation for a given direct flux density 
in the low or moderate density range is decreased by a 
small amount of superposed a-c excitation, but is in- 
creased by larger amounts. The d-c excitation for a 
given direct flux density in the high-density range is 
increased by superposed a-c excitation. 
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Discussion 


S. L. Gokhale: Most of the work on this subject has been 
eonducted by engineers and along lines representing the engi- 
neer’s point of view. All such work, including Mr. Edgar’s 
contribution, has added greatly to our knowledge of facts re- 
garding magnetic hysteresis. It must be recognized, however, 
that from the physicists point of view, we are yet very much in 
the dark. Fig. 1c in Mr. Edgar’s paper, shows the forms of two 
hysteresis loops for the same range of flux change, one sym- 
metrical and the other unsymmetrical. The latter is unsym- 
metrical not only in position but also in form; the ascending and 
descending sides of the loop are dissimilar. Why are they so? 
The unsymmetrical loops generally are larger than the symmetri- 
eal. Why? In some eases, this relation is reversed, the unsym- 
metrical loop being the smaller. Why? These and other cognate 
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questions are still unanswered. The duty of seeking answers to 
these questions rests not on the engineers but on the physicists. 


These questions suggest another much more fundamental 
question. Why is it, that we know so little about magnetism, 
although we know comparatively so much more about elec- 
tricity, and although the two branches of physical science not 
only are related but also analogous? It seems as if some special 
obstacle to knowledge has developed on the magnetic side, with- 
out affecting the electrical side. Is there really such an obstacle, 
and if so what is it? 

In 1852, Weber formulated his well-known theory of magnetie 
phenomena. He assumed, that a magnetic body is made up of 
molecular permanent magnets, and that the process of magnetiza- 
tion consists of orientation of these molecular magnets, under the 
directive influence of a magnetizing force, H. According to this 
theory, the magnetic flux density B at any point, is a magnetic 
force of the same nature as H, with this difference, that B is the 
resultant foree of which H merely is one component; the other 
component is the magnetic force emanating from the poles of 
the molecular magnets. This conception of B, leads to the con- 
clusion that permeability is a non-dimensional quantity. This 
relationship between Weber’s molecular-magnet conception, and 
the non-dimensional conception of permeability, however, is 
not generally recognized; consequently, there are many scientists 
to-day who advocate the Weber’s theory of magnetism either in 
its original form, or in its modern modified form based either on 
molecular currents, or on electronic orbits, and they also advo- 
eate the dimensional conception of permeability. 

In 1886, Ewing formulated his theory of permeability and 
magnetization based on Weber’s conception. He thus explained 
successfully, the general forms of magnetization and hysteresis 
curves, and also other associated phenomena such as magnetic 
creeping. He also explained some of the peculiarities of hysteresis 
loops such as the failure of the loops to close, and of successive 
loops to retrace the preceding loops during the initial cycles. 

Ewing’s work was mostly qualitative: quantitatively, he had 
succeeded in making, what we might call the first approxima- 
tion; that is, in computing the magnetic forces on the molecular 
magnets, he had taken into account only the nearest poles, and 
had left out of consideration the relatively distant poles of even 
the same molecules (Ewing: “Magnetic Induction in Iron,” p. 
172). In 1892, Steinmetz carried Ewing’s theory of hysteresis 
one step further; Ewing had taken into account only one pair 
of poles, namely, the two nearest poles of a pair of molecules; 
Steinmetz took into account all the four pairs of the poles of 
these molecules (A.I.E.H. Trans., 1892, p. 718). His next 
effort was to be a more elaborate computation of forces on a 
molecular magnet due to a large number of molecular magnets 
in its neighborhood. It seems: that this work was not completed, 
and in the meantime an unforseen difficulty had arisen. 

In 1889, Rucker formulated his theory of ‘‘suppressed dimen- 
sions;’’ according to that theory permeability is a dimensional 
quantity; the dimensions are not yet known, but are believed to 
be related to the dimensions of velocity. This theory rapidly 
gained in popularity and is now accepted by a majority of 
scientists. As stated above, Rucker’s theory and Weber’s theory 
are opposed to each other, and that the acceptance of the one 
necessarily involves a rejection of the other theory. The con- 
tradictory nature of the two theories generally is not recognized, 
because those who accept both are generally content with a for- 
mal acceptance, without any attempt to carry each theory to 
its logical consequence. 

In accepting the dimensional conception of permeability, we 
have perhaps unconsciously rejected a very valuable analytical 
instrument for magnetic research. In other words, our lack of 
correct and clear understanding of magnetic hysteresis, is the 
price we are now paying for the dimensional conception of 
permeability. This is not an argument against Rucker’s theory. 
If the theory be true, we have got to accept it no matter what 


726 
price we have to pay for it; but before we pay that or any other 
price, we must have some evidence in support of that theory. 

Therefore, while our engineers are collecting data on mag- 
netization and hysteresis, evolving ingenious methods for the 
work, it is for the physicists to tackle the fundamental problems 
in order to account for the phenomena in a rational way. The 
problem that seems to be at the root of most of the other problems 
in magnetics is, whether permeability is a dimensional or a non- 
dimensional quantity. Until that question is answered with con- 
vineing evidence in support of the answer, there seems to be no 
likelihood of a rational explanation of the magnetic phenomena. 

C. MacMillan: The data given in the paper should prove 
valuable to designers of various types of electrical apparatus. 
The cases to which the results immediately are applicable are 
confined to those in which the superposed fields are in line with 
a common axis. However, the data should also afford assistance 
in eases involving more complex conditions, and field axes which 
are not necessarily in alignment. Such conditions occur, for 
example, in the magnetic circuits of induction motors. In the 
vicinity of the air gap, the general direction of the useful flux 
is radial, that of the leakage flux peripheral, yet in their use of 
common permeance paths, these fluxes approximate more closely 
to the conditions covered by the paper. 

As shown in the paper, the fundamental a-c current may be 
taken to represent the d-c displacement mmf upon which is 
superposed the high frequency pulsation of mmf induced by the 
non-uniform and non-sinusoidal distribution of teeth and wind- 
ings. The magnitudes involved bring this case into the class in 
which reduction of iron loss with high density might be antici- 
pated since the flux displacement does, in practice, frequently 
exceed the critical values given in the paper. Thus, we may 
expect locally the conditions for reduced losses which rarely are 
encountered on a more extended scale on account of the large 
mmf’s and currents required to establish them. 

In applying the data on superposed losses, or losses due to 
superposed mmf’s to the calculation of induction motor core 
loss, we have found that the computed loss may be brought 
into closer agreement with test results. However,.in some eases, 
the calculated values exceed the test values. The discrepancy 
may be due in part, at least, to reductions of the type described 
in the paper, and to which due weight had not been given in 
the methods used for calculation. Where the discrepancies are 
in the opposite direction, it is more difficult to assign causes 
since they may be due to defective care in manufacture. 

Attention has been ealled, in previous discussion, to the un- 
satisfactory state of our knowledge of magnetic processes. Even 
the diseussor who contrasted favorably present knowledge of 
metals with present knowledge and lack of knowledge of non- 
metals, such as dielectries, would probably make an exception in 
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the case of the magnetic properties of metals. If the increased 
training in analysis advocated by Professor Karapetoff is suc- 
cessful in developing graduates of greater analytic ability, 
possibly this stigma may be removed from the record of engi- 
neers, namely, that with the consistent records of magnetic 
behavior before our eyes so constantly for so many years, we 
have hitherto failed entirely to interpret these records. 


B. M. Smith: The method of measurement and equipment 
shown in this paper has certain refinements not used by pre- 
vious investigators. It should, therefore, give results which are 
more reliable than hitherto obtained. The data presented by 
the author show agreement in several instances with those ob- 
tained by the investigators referred to, and also furnish new data 
beyond the range previously reported. 

The fact that hysteresis loss decreases with superposed direct 
current has in the past given engineers encouragement to believe 
that it would be possible to obtain lower core loss in power trans- 
formers by this means. The data given in this paper, however, 
show that, although the hysteresis loss is decreased, there is a 
proportionately greater increase in the exciting current, which 
would indicate that the application of direct current could not 
be used for decreasing transformer losses. The tests, however, 
do not cover superposed alternating current. 


In the numerous articles written on superposition of direct 
current on alternating current, it has been recognized that the 
hysteresis loss decreases when the hysteresis loop is displaced 
from its symmetrical position, but in none of these articles has 
an explanation of this phenomenon been given. It has, however, 
been mentioned that it is due to a change in shape and area of 
the hysteresis loop, but the writer believes it would be interest- 
ing if the author would give his explanation as to how this is 
affected. 


R. F. Edgar: As pointed out by Mr. Gokhale, a fundamental 
explanation of the variation of hysteresis loss with displacement 
of the hysteresis loop apparently is unknown as yet, and further 
discussion of the various theories involved is beyond the scope 
of the paper. However, there is an association of the change of 
shape of the loop with its change of area, as suggested by Mr. 
Smith, which is given below. 


Inspection of the series of loops published by several of the 
authors previously mentioned shows that as a loop is displaced 
upwards from a symmetrical position, keeping a constant ampli- 
tude of flux pulsation, the lower end tends to expand, while the 
upper end tends to contract. For combinations of flux pulsation 
and displacement which carry the upper end of the loop to very 
high densities, the contraction of the upper end apparently over- 
balances the expansion of the lower end, and the area of the loop 
is reduced. 


Variable Speed Constant Voltage D-C Generators 


BY FRED B. HORNBY* 


Associate, A.I.E.E. 


Synopsis.—Generators for producing essentially constant voltage 
when operating from a variable speed source have been developed. 
Two types of variable speed constant potential generators are 
described that obtain regulation without the use of regulators having 
moving parts. One type makes use of a thyrite regulator to obtain 


PPLICATIONS for variable speed constant voltage 

d-c generators and generating systems have been 

many and varied. Generators with vibrating or 
carbon pile voltage regulators which have been used for 
variable speed constant voltage applications have been 
found inadequate because they will not operate satis- 
factorily when subjected to repeated vibration. The 
injurious effects of vibration have lead to the desire to 
have a generating system that can be regulated either 
by inherent generator characteristics or by a regulator 
that has no moving parts. The thyrite controlled 
generator system and the self-regulating generator have 
been developed to meet these requirements. 


THYRITE CONTROLLED GENERATOR 


Before taking up a thyrite controlled generating sys- 
tem, it will be well to deal briefly with the character- 
istics of the material known as thyrite. Thyrite is a 
ceramic material having a mechanical strength about 
the same as high-grade porcelain. The most satis- 
factory shape for generator control is a disk 3 in. in 
diameter and 1/8 in. thick. The electrical character- 
istics of thyrite are a part of the ceramic bond and are 
not dependent on any fillers or mechanical contacts. 
The fundamental law of thyrite is stated by the equa- 
tion RI? = C, in which R is the resistance of the thyrite, 
I is the current, C is a constant coefficient, and a is a 
constant equation. The exponent a depends entirely 
upon the quality of the material and is less than unity, 
typically 0.72. The coefficient C depends on the specific 
physical dimensions of the thyrite unit. The operation 
of thyrite is not dependent upon the temperature, but 
the material does have a negative temperature coeffi- 
cient. This negative coefficient has about the same 
numerical value as the positive coefficient of copper. 
An increase in voltage across a thyrite unit will result 
in an increase in current by approximately the 3.57 
power of the voltage increase. It is this negative re- 
sistance characteristic that makes it so useful as a 
regulator. 

The connection of the thyrite unit as a control for a 
generator is shown schematically in Fig. 1, wherein the 
unit is in series with an auxiliary field which is wound 
on the same pole as the shunt field. The auxiliary field 
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the desired characteristics. The other type is inherently self-regu- 
lating and, therefore, requires no external regulation. These genera- 
tors are sufficiently flexible to allow a wide variation in their design 
and operating characteristics. 


is so connected that the magnetomotive force produced 
by the auxiliary field is in opposition to that produced 
by the shunt field. If the generator terminal voltage 
increases, the thyrite allows proportionately more cur- 
rent to pass through the auxiliary field than passes 
through the shunt field, with the result that the differ- 
ence in magnetomotive force of the two fields decreases, 
thereby decreasing the flux in the machine and limiting 
the increase in generator voltage. The performance of 
a typical thyrite controlled generator is shown in Fig. 2. 
As may be seen, the flux in the machine decreases as the 
speed of the generator increases, the flux approaching 
zero as a limit. 

The thyrite acts not only as a regulator, but also as 
a stabilizer and makes it possible to operate the genera- 
tor at fields much weaker than normally would be 


THYRITE 


AUX. FIELD 


GENERATOR 


Fic. 1—Scurematic D1a- 
GRAM OF A THyYRITE Con- 
TROLLED GENERATOR 


practical. Generators controlled in this manner have 
shown perfect stability, although the flux in the genera- 
tor was less than 10 per cent of the normal flux. This 
type of control also will produce very good generator 
load regulation as shown in Fig. 8. Both the operating 
stability and the flat compounding are obtained by the 
regulator attempting to hold constant generator voltage. 
The effect of heating on the thyrite system is much the 
same as the effect of heating on a standard d-c genera- 
tor. An increase in temperature will produce the usual 
drooping voltage characteristic. 

The design of thyrite controlled generators should be 
such that the peak of the flux curve is reached at ap- 
proximately the rated base speed of the generator. 
Consider the design of a machine having ideal con- 
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ditions wherein a straight line saturation curve is 
obtained. Saturation will further increase the necessary 
size of the machine. Since the heating of the fields is 
the limiting feature in the design of a thyrite controlled 
generator, a consideration of the fields necessary to 
produce the required characteristics will give an idea 
of the size of machine necessary. 


Sees sewlnatgn vOLTiSe 
s Ser aan 


2400 


2800 


1600 2000 
OF GENERATOR 


1200 
RPM 


Fic. 2—Sprrp REGULATION AND F'Lux CurvES FOR A THYRITE 
CONTROLLED GENERATOR 


GENERAL CONSIDERATION OF FIELDS 


Assume circuit connections as shown in Fig. 1. 
Let 


A = shunt field ampere-turns 
B- = auxiliary field ampere-turns 
AT = effective ampere-turns = A— B 


K, = ratio of thyrite current for a given change in 
terminal voltage 
ratio of flux change, 62 = Ko4, 


6 = 


K, = ratio of voltage change, V2 = K,Vi 
K, = ratio of speed change, S» = K.S; 
Assume straight line saturation curve so that 
VaA— B 
Since 
CV 
st ATI 
then 
K = 
t= K, 
With this scheme of connection 
As = K,Ai and B, = ‘KB; 
As B, — Ke (Ai — B;) 
Kae Ke 
B, =Aig K = A,X 
where 
K,— Ke 
t= K,— Ke 


A AT 
eed =X 
Expression for total field ampere-turns at base speed 
ATI +X 
A+B=A,(114+X) -_A 


Example. Consider a machine having 2 to 1 speed 
ratio and 1.5 to 1 voltage ratio. 


Cs =2 AT = 1,000 
1.5 
Kiprealb Ke =~ = 0.15 
K; =45 
fs 1.5 — 0.75 ee 
AS 075. eee 
Ai = a 1,250 B, = 250 turn: 
ee ee ae: Loa wie he 
A:— Bi = 1,000 
1,000 « 1.2 
Total ampere-turns in field at S; = 2, eee 


= 1,500 amp-turns 
Ratio of total to effective ampere turns of S; = 1.5. 
Examination of general equations and specific ex- 
amples brings out two main facts: 
1. The closer the regulation over a given speed range, 
the larger the field. 


2. The greater the speed range, the larger the field 


for a given regulation. 

The necessity of having the actual field winding over 
11% times the normal field requires a theoretical increase 
in the size of the machine. Saturation of the iron 
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GENERATOR 


makes it necessary to have a still larger machine since 
with saturation the change in field strength is not re- 
flected in change in flux. The necessary increase in 
field space together with the necessity of having low 
iron density results in a practical increase in machine 
size very close to the increase in field size given by the 
foregoing approximate calculations. Results have 
shown that the figure arrived at by such a calculation 
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can be used as an index to determine the necessary 
dimensions of a specific generator. 

Obviously, the increase in frame size becomes an 
economical limitation as the output of the generator 
increases. This increase in cost and size may be 
readily overcome by applying an exciter to the genera- 
tor and the thyrite control to the exciter field instead 
of the generator field. The exciter will be oversize, 
but since it is a small machine, this increase is a reason- 
able factor when it is considered along with the main 
generator. When applying an exciter, it is advisable 


Fie. 4—ScHEMATIC 
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REGULATING GEN- 
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to excite both of the exciter fields from the main 
generator terminals. This makes the action of the 
exciter directly dependent on the generator voltage. 

The generator-exciter combination makes a thyrite 
system that is simple, economical, and capable of satis- 
factory operation in a wide variety of applications. 
There are, of course, limitations to this system and 
type of control, but these limitations have not been 
broadly determined; and since they are readily found 
when specific machines are considered, no attempt will 
be made to describe them. 


SELF-REGULATING GENERATOR 


In his paper, A D-C Generator for Constant Potential 
at Variable Speed (A.I.E.E. TRANS., 1918, V. 37, Part 
II, pp. 1405-12) S. R. Bergman described a very practi- 
cal machine for producing constant voltage, the regu- 
lation being entirely inherent. A machine giving regu- 
lation without a regulator of any kird has several 
advantages. The fundamental theory of this machine 
is described fully in Mr. Bergman’s paper. Demands 
for this type of equipment have increased greatly, and 
speed ranges and duty cycles have become more severe. 
For this reason, it seems desirable to discuss further 
this machine and its design. 

A schematic diagram of connections is shown in 
Fig. 4. Other connections are possible, however, and 
it would be well to consider some of these as they have 
a definite bearing on the design of the machine. The 
main field may be excited from a separate source, but 
it may not be excited from the main line of the genera- 
tor without special connections and an auxiliary field 
as shown in Fig. 5. If the main field be excited from 
the main brushes of the generator without these pre- 
cautions, the generator will experience difficulty in 
“building up,” because the residuals of the main and 
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cross fields are bucking each other. Also, the machine 
will have a tendency to reverse polarity if rapid changes 
in speed occur. Under all conditions, the cross field 
must be excited from the voltage produced by the main 
field flux. With connections as shown in Fig. 5, the 
main field may be connected across the main line and 
satisfactory operation obtained. The auxiliary field is 
connected in the same direction and is wound on the 
same pole as the main field; it acts merely as a “teaser” 
winding which starts the generator to build up and 
prevents a reversal of the generator polarity during the 
transient period. 

When the generator is connected as shown in Fig, 4, 
the main field heating increases as the square of the 
increase in excitation voltage; thus it is necessary to 
design the field so that it will produce normal ampere- 
turns at the base speed and at the same time dissipate 
many times more than normal heating at top speed. 
The cross field produces normal ampere-turns at top 
speed and is, therefore, a normally balanced field. 
With the generator connected as shown in Fig. 5, the 
auxiliary field must be designed for normal excitation 
and many times normal heating; but the auxiliary field 
is in itself a very small field so that this problem is not 
serious. 


From the preceding discussion it may be seen that 
connections shown in Fig. 4 can be used for generators 
having a small speed range, but for generators having a 
large speed range, the connections shown in Fig. 5 are 
better. If a separate source of power is available for 
exciting the main field, connections in accordance with 


2 POLE ARMATURE 


Fic. 5—Scuematic DiaGRAM oF A SELF-REGULATING 
GENERATOR WITH AUXILIARY FIELD 


Fig. 4 (except the main field excited from this separate. 
source) are satisfactory for generators of any speed 
range. 


Since the generator operates on the difference of two. 
voltages, the size of this machine will be larger than 
that of a standard generator of the same rating. In 
these machines, heating of the fields is a limiting 
factor, but not the only one, for armature heating also 
affects the rating. The following consideration of the 
various factors gives a definite figure for the increase 
in size necessary for a given rating. 
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DETERMINATION OF VOLTAGES INDUCED FROM MAIN 


AND CROSS FIELDS 
Let 
= volts induced from main field 
= volts induced from cross field 
= terminal volts 
speed ratio 
= voltage ratio 
= main field flux increase factor 
= cross field flux factor 
rated generator current at base speed, 
including field current : 
Xs ibe? We = Z 1 


QR WANN 
ll 


— 
sa 
Il 


KSXa— CS?¥, 
R 


Yi (CS? — R) 


Xi- ¥y — 


Xi(KS — R) 


va = X, 


where 


N 
t 
Ps 
a 
| 
SS 


Effective output of generator = (X,— Y,) I, = P.; 
actual output of generator = (X, + Yi) I, = Pa. 
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EXAMPLE 


Consider a machine having a 2 to 1 speed ratio and 
1.5 to 1 voltage ratio with connections as shown in 
Fig. 4. 


Z = 100 volts Koei 
Ayes) Cat 
ip Se iss Tae 
(1.12 x 3)—1.5 
tg Sipe) evan 
5 epenet ant SSE t 
~ 1— 0.248 — 


Y = 133— 100 = 33 
P. =100 X10 =1kw 
P, = 166 X10 = 1.66kw 


Therefore the machine must be 1.66 times normal 
size. 

Generators making use of the bucking field principle 
have been built for many years and their operation 
has been quite satisfactory. There are, of course, 
limitations to this type of equipment, but except the 
increased size, weight, and cost, the limitations are 
peculiar to the application and cannot be considered as 
general difficulties to be overcome. Detailed compari- 
son of these two types of machines with each other and 
with other types of variable speed constant voltage 
equipment is outside of the scope of this paper. Such 
comparison when made should be on the basis of the 
total equipment including all regulating devices and 
controls, and not on the basis of the generator alone. 


Design of Resistance Welder Transformers 
BY H. E. STODDARD* 


Associate, A.I.E.E. 


Synopsis.—Due to increased production demands, the speed at 
which resitance welders operate has been stepped up as much as four 
to five times during the last few years. This has been made possible 
in a large degree, by the development of new switching mechanisms 
that will allow a current dwell of a fraction of a cycle on a 60-cycle 
ctrcutt. 

This increased speed of welding has made it necessary to study very 


N the last few years manufacturers have been called 
upon to produce welders that will weld at very high 
speeds. Spot welder speeds have increased from a 

maximum of about 150 to 200 spots per minute of ten 
years ago to a maximum of 900 spots per minute today, 
with the indication that this speed can be increased to 
perhaps as much as 1,800 spots per minute. Also in 
the last few years control units employing grid-con- 
trolled gas or mercury-vapor filled electronic tubes have 
been developed and applied to spot and seam welders 
for high speed welding. The time of current dwell can 
easily be reduced to one cycle on a 60-cycle circuit. 
Also several switching mechanisms driven by syn- 
chronous motors have been developed and put in use 
and it is claimed that they will operate at such speed 
that the current dwell can be reduced to 1% cycle or 
less on a 60-cycle circuit. 

Welders other than spot welders have been increased 
in speed, but not in the same proportion. Ordinary 
flash butt welding is being done at an average speed of 
about 7 sec for the complete welding cycle on work up 
to about 10 sq in. Smaller sections are welded in less 
time, and larger sections in longer time. Therefore the 
welders, including the transformers, are continually 
increasing in size and capacity for the same size of weld, 
and the problems of the design are being increased in 
proportion. 

Very little technical work is involved in the ordinary 
design, but considerable experience is necessary in 
selecting the proper secondary voltage, estimating the 
correct power required, proportioning the transformer 
core and coils properly so that mechanical design of the 
welder is not upset, designing the secondary circuit from 
the transformer to the work, providing the proper 
shielding for the transformer, etc. 


A resistance welding transformer has a peculiar duty 
to perform. It must be of great enough capacity to 
deliver the number of amperes at the weld required for 
welding the largest section for which the machine is 
used. It must also be of great enough capacity to per- 
mit of welding the greatest number of square inches per 
hour for which the machine is purchased. It must do all 
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carefully the design of the transformer and the shape and spacing of 
the secondary circuits, especially the cooling and protection of these 
parts. 

It has been necessary also to pay more attention to multi-trans- 
former welders, where several transformers are used either for the 
purpose of distributing the secondary current to better advantage, or 
for the purpose of balancing the welder load on multi-phase circutts. 


this without heating to a point to injure the insulation. 
Furthermore, it is not the internal resistance of the 
transformer only which tends to heat it, for there is the 
heat conducted back into the transformer secondary by 
conduction, and to other parts of the transformer by 
radiation and convection. 

The problem is not to design a transformer of specified 
capacity, but to design a transformer and secondary 
circuit that will cause enough electric current to flow 
through the work and heat it properly so that with the 
correct application of pressure a weld is completed. 

The transformer capacities are estimated mainly by 
considering the size of material to be welded, the speed 
at which it must be welded, the type of weld to be used, 
and mechanical design of welder. The types of welds 
are as follows: 

1. Spot welds 

Projection welds (single projection, multi-projection) 
Point welds (single spots, spot seams) 
2. Butt welds 
Upset welds 
Flash welds (manually controlled, mechanical controlled) 
Contact fiash or high speed upset welds 
Butt seam 
3. Line or seam welders 
Continuous 
Interrupted 

In butt welding, the transformer capacity is in- 
fluenced greatly by the type of weld, as flash welds 
require only 20 per cent to 25 per cent of the capacity 
necessary for contact flash welds, and slow upset welds 
require only about 25 percent to 50 percent of thecapac- 
ity required for flash welds. If we assume that a flash 
weld will be made in 7 sec, then a slow upset weld will 
take about 15 to 30 sec, and a contact flash weld about 
1 to 2 sec, provided the pieces to be welded are adapt- 
able to either type of weld. 

Multi-projection welding requires sometimes as much 
as two to three times the capacity for one weld times 
the number of welds. This increased capacity is 
principally due to the fact that nearly always one weld 
is partly made, first, causing an increase of current at 
that point. Therefore there must be enough capacity 
to take care of this. This increased capacity is also 
influenced by the shape of the work, size of weld, and 
the shape and size of electrodes when they may restrict 
the proper distribution of the welding current. 
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TRANSFORMER CORE 


The core is usually built up of 29 gauge silicon steel 
in one or two window shapes. Sometimes the single 
window cores are split and after assembly they are 
machined so that they fit together with little air gap. 
This split core is used when it is necessary or convenient 
to have an easy way of disassembling the transformer 
for changes or repairs. 


TRANSFORMER SECONDARY 
The secondary may be either flexible for its entire 
length, or it may be solid and have a short flexible lead 
connected to the moving terminal of the welder. The 
flexible secondary is made up of thin copper strips, 


“TERMINALS 


TERMINALS 


TERMINALS 


FLEXIBLE 
LEAD 


SECONDARY 


PRIMARY 


SECONDARY 
SECONDARY 


Fic. 1 (Lerr)—WiIbDE FLEXIBLE SECONDARY OUTSIDE OF 
Primary Coins 


Fig. 2 (Mippie)—Narrow FLEXIBLE SECONDARY SANDWICHED 
BETWEEN Primary Coins 


Fig. 3 (Rigut)—Cast SECONDARY CONNECTED TO MovineG 
TERMINAL BY SHORT FLEXIBLE LEAD. SECONDARY SANDWICHED 
BETWEEN Primary Corts 


usually 0.005 in. to 0.008 in. thick and they may be 
made up of narrow strips and sandwiched between 
pancake primary coils (see Fig. 2), or of wider sheets 
and wound around the outside of the primary coils 
(see Fig. 1). There is some objection to both of these 
types of secondary. One objection to the narrow type 
is that the primary coils cannot be wedged properly, 
and the objection to the wide type is that the design 
of the transformer is not as adaptable to changes as the 
narrow type would be. 

Solid secondaries are made of cast copper, cast 
aluminum, rolled copper, and sometimes of the work 
itself. Where castings are used for secondaries, they 
are usually water cooled by either casting steel tubing 
in cast copper, copper tubing in the cast aluminum, or 
by holes drilled for a water circuit. Cast copper is used 
principally and has less disadvantages than any other 
cast material. The disadvantages to cast aluminum are 
that it must be double the area of cast copper, and high 
resistance oxides form rapidly on the machined contact 
surface under the influence of heat and water. Rolled 
copper is used very little for solid secondaries, due 
principally to the difficulty of connecting the ends to 
the terminals of the welder, as each section of the 
secondary must be silver soldered or welded to a suit- 
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able header; since there is a large mass of metal, it isa 
difficult and expensive job. Rolled copper does make a 
good secondary, and on some welders where forced air 
can be used for cooling the transformer, it is used. See 
Figs. 3, 4, and 5 for different shapes of cast secondaries 
for butt welders, and Figs. 6 and 7 for shapes of circuits 
for small spot welders. 

The secondary proper is shaped so as to minimize the 
eddy current losses. The terminals and flexible leads 
are designed with proper contact surface areas where 
electrical connections are made. These areas are of 
such size as to keep the current density to about 225 
amp per sq in. when connected to aluminum; to about 
550 amp per sq in. when connected to cast copper; 
other materials generally fall within these limits. Con- 
ditions often alter these values. 


PRIMARY COILS 


The secondary voltage of a resistance welder is 
changed either by changing the primary voltage or by 
using a selector switch connected to tapped primary 
coils to change the turn ratio. Generally the minimum 
secondary voltage is 40 per cent to 50 per cent of the 
maximum. This, of course, depends upon the kind of 
welding to be done. Usually about 10 to 16 different 
secondary voltages are provided; therefore 6 to 8 taps 
are necessary for the secondary voltage range. The 
tapped primary is generally used, although there is some 
objection to it. When the transformer is being operated 
on the maximum secondary voltage, the voltage across 
the outside turn of the primary coil is about two times 
the primary voltage. Also as about one-half of the 
primary is out of the circuit, the magnetic leakages may 
be increased considerably, but by using care in the 
design these objections can be minimized to a large 
extent. 
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Sometimes especially in large welders the coils are 
not tapped, but an autotransformer with tapped coils 
is used for secondary voltage variation, in this way 
getting around the objections mentioned; but in doing 
so there is added another piece of apparatus which 
must be installed near the welder and therefore is in 
itself not desirable. Generally either type of transformer 
is equally acceptable. However, on some of the larger 
types of welders, autotransformers are demanded and 
in addition sometimes an inductive voltage regulator 
is used to get micrometer voltage adjustments between 
taps on the autotransformer. 
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The primary coils and the coils of autotransformers 
are usually wound of bare copper strip and insulated 
between layers with asbestos paper tape. As little 
insulation as practical is used on the outside of the coil 
in order that the heat may be dissipated as rapidly as 
possible. Although the secondaries of most welder 
transformers are water cooled, this helps very little in 
cooling the primary, and the natural air draft is de- 
pended upon for this cooling. 


TRANSFORMER RATING 


The Resistance Welder Manufacturers Association 
rating is based on 50 per cent duty cycle, which was 
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SECONDARY. 


FLEXIBLE LEAD: 


PRIMARY 
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selected because very few welders are operated at 
higher than 50 per cent duty cycle and because it cor- 
responds quite closely to the majority of welders in use 
previous to this rating. The primary is designed for a 
current density of 1,800 amp per sq in.; the secondary 
for 1,600 amp per sq in. if made of cast copper; 800 
amp per sq in. if made of cast aluminum, and the core is 
designed for a density of 70,000 lines per sq in. at the 
maximum secondary voltage. 


MECHANICAL PROBLEMS 


The mechanical problems in the design consist of: 
First, shaping the transformer so that it fits into the 


ELECTRODES 


Fie. 6—Top 
CONNECTED 
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welder properly; second, making the core and core 
clamping frames, primary coils, and secondaries of such 
shape and material that they can be made and assem- 
bled without too great an expense, and without sac- 
rificing more than is necessary in the efficiency and 
power factor of the completed welder; and third, the 
shielding of the transformer from the metal thrown off 
by the weld and also from water and oil. 

The fact that a large percentage of designs are for 
special apparatus where perhaps only one transformer 
is to be built, makes these problems quite important. 
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Shaping the transformer properly so as to fit the welder 
is relatively simple, and can usually be accomplished. A 
40-kva or 50-kva transformer can be built so it will go 
in a space only 4 in. wide; of course it must be extended 
considerably in other directions. The core and clamping 
frames also are easily handled. The difficulty comes in 
the secondary, secondary leads, and the terminals. The 
secondaries should be made as high and as thin as pos- 
sible. Where water cooled secondaries are called for, 
they must be thick enough so that a tube can be cast 
in for a water duct, and this requires that the casting 
be about 0.5 in. thicker than the diameter of the tubing 
to prevent its floating out. Also, as far as possible, the 
tubing must be cast in so that it is parallel to the current 
flow, and the tubing must be as straight as practicable 
so that it can be cleaned out if it fills up with rust or dirt. 
The finished secondary is always a compromise between 
good electrical practise and the desired mechanical 
features. 

The terminals of the welder are necessarily well 
cooled, not only to dissipate the heat due to the flow 
of current, but to dissipate the heat conducted into 
them by the weld itself, and since the terminals are 
under very heavy pressure, it is necessary to keep the 
temperature as low as possible. 
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The flexible leads are also a compromise. Electrically 
they should be as short as possible, and mechanically 
they must be long enough to allow the terminal plenty 
of movement, and also they must be of proper shape to 
insure long life. 

The mechanical difficulty met with concerning the 
primary coils, is to bring out the taps and the start and 
finish of the coils so that the minimum space is required, 
also to brace the primary effectually against the surges 
that are always present. 

The shielding of the transformer also is very im- 
portant, especially on flash butt welders. It is neces- 
sary to keep the metal thrown off by the weld from the 
primary coils. This metal is in the form of fine dust and 
if allowed to sift in between coils soon penetrates the 
insulation and causes short circuits or grounds. Also, 
there is always’a large amount of water used around 
resistance welders, especially line or seam welders, 
where the work is sometimes flooded with water. 
Therefore, it is necessary to make the primary coils 
nearly waterproof. 
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MULTIPLE TRANSFORMERS 


In some welders it is necessary to use more than one 
transformer. Four general types of multi-transformer 
welders are: 


1. Welders for making fabric for reinforcing mats used in con- 
crete road building, where as many as 32 transformers are used 
and 32 welds are made simultaneously, each transformer making 
a weld which is separated from the next weld enough so that no 
particular difficulty is experienced. 


2. Large spot welders are sometimes provided with two trans- 
formers, one transformer on the bottom and one on the top of the 
work. Each end of the secondary of both transformers is con- 
nected to an electrode, the top electrodes being directly over the 
lower electrodes when the work is placed between them. The 
secondaries are in series. No particular advantage is gained 
however. 


3. Welders used for making very long butt welds where multi- 
transformers are convenient for distributing the current properly 
over the entire weld. These transformers are connected in paral- 
lel on a single phase circuit. 


4. Large projection spot welders where the work is distributed 
properly. Three transformers are sometimes used and connected 
each to one leg of a three-phase circuit. 


In the third type of welder mentioned where the 
transformers are operated in parallel, the principal 
difficulty is in the secondary circuits. Unless these cir- 
cuits are all of the same resistance and impedance, 
the current distribution will not be correct. 

In the fourth type mentioned, the same difficulties 
are experienced and in addition to these the fact that 
the work causes a partial short circuit between phases 
makes it difficult to design electrodes to minimize this 
short circuit so that the work can be done efficiently. 


POWER FACTOR 


The power factor of resistance welders varies con- 
siderably with the type and construction of the appara- 
tus. On some types of welders, it may be as high as 65 
per cent or 70 per cent; on other welders, it may be as 
low as 20 per cent. 

Resistance welder manufacturers are of course in- 
terested in methods of increasing this power factor. 
The first idea is to better the design of the transformer 
and connections, but since the design is limited so closely 
by mechanical requirements for protection of the trans- 
former and for the proper movement of the welder 
terminal, very little increase in power factor may be 
secured. Therefore, it seems as if any substantial 
increase of power factor must be made by the use of 
some outside piece of apparatus. 


Discussion 


Warren C. Hutchins: As indicated by the author, develop- 
ments in resistance welding have been very rapid in the last few 
years. In fact in the writer’s company one man was given the 
task of correlating data on resistance welding with reference to 
the power, time application, pressure of electrodes, recommended 
speed of travel for various types of spot and line welding. After 
this particular individual had spent approximately 3 or 4 months 
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on this work and had collected enough information to fill several 
volumes, an electronic tube control named thyratron control 
was furnished to the Works Laboratory for experimental pur- 
poses. After about two or three weeks experimenting, it was 
found this control permitted welding in such greatly reduced 
time periods for spot welding and at such greatly increased linear 
speeds for line welding machines that practically all of the data 
previously collected were worthless. 

Thyratron tubes were first applied to controlling resistance 
welding machines only a few years ago. The development of 
this control passed through the following stages: 

1. To replace the mechanical contactors and eliminate the 
maintenance cost of the contactors. The average expected life 
of thyratron tubes for this service is 10,000 hours. This control 
was used for welders up to 350 kva capacity. For timing the 
on and off period a small l-ampere switch was used. This switch 
usually was cam operated and the accuracy of timing was no 
better than the switch. 

2. To the first control developed, a thyratron synchronous 
timer was applied which eliminated variations in the time cur- 
rent supplied to the welding machine. This permitted more con- 
sistent welding and inereased welding speed. It also made 


Fic. 1—One-Hatr Cycie 
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possible welding in exactly one cycle or any multiple of one cycle 
of any frequency up to approximately 500 cycles. It permitted 
welding of some alloys not previously satisfactorily resistance 
welded. There are now more than 60 of these controls operating 
satisfactorily. 

3. (The development of thyratron control has been so rapid 
along with the development of the resistance welding apparatus 
that the author of the paper probably was not aware of this 
third development.) Thyratron control is now available for 
welding in very short periods. For instance 144 cycle, 14 eycle 
or less. 

The half cycle thyratron control has proved its worth in both 
the tube manufacturing department of the General Electric 
Company and in the manufacturing department of the RCA 
Radiatron Company. 

A midwestern manufacturer had a welding machine which 
apparently was too small for the jobs being done; the welder 
transformer overheated and the control was a non-synchronous 
contactor. Thyratron control was applied to this welding ma- 
chine, with the results that the transformer no longer overheated. 
The temperature rise was measured and found to be only 15 deg C 
(with a mechanical contactor the transformer overheated which 
means that the temperature probably exceeded 60 deg C rise). 
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There are 3 main reasons why the heating of the welder trans- 
former might be greater if a non-synchronous contactor is used 
than when thyratron controlis used. They are: 

1. Where a non-synchronous contactor is used variations in 
the time of power applications will result. It is necessary to ad- 
just the heat setting of the welding machine so that a satisfac- 
tory weld is made when the time element is shortest. This means 
that when the contactor passes current for longer periods, ex- 
cessive energy is handled in the welder transformer resulting in 
heating. 

Where thyratron control is used, the welder transformer is 
adjusted to produce a satisfactory weld for one time setting. The 
thyratron control accurately times to the same number of elec- 
trical eycles for each weld, and therefore no excess heat is handled 
by the welder transformer. 


Fig. 2—ReEsIstance WELDS oF Various Mretrats Mapr witH 
THYRATRON CONTROLLED WELDER 


9—Invar wire and sheet monel 
10—Sheet monel and molybdenum 


1—Copper wire and brass 

2—Sheet nickel and soft nickel wire 

3—Soft and hard nickel wires wire 

4— Sheet nickel and hard nickel wire 11—Two invar wires 

5—Hard nickel and molybdenum wires 12—Soft nickel and invar wires 

6—Molybdenum and invar wires 13—Invar and ascaloy wires 

7—Perforated nichrome and invar wire 14—Ascaloy wire and nickel sheet 
’ 8—Hard nickel and invar wires 15—Ascaloy and hard nickel wires 


2. Where a non-synechronously operated contactor is used, 
relatively long welding times are necessarily used (10 cycles or 
more), and a large percentage of heat is wasted by radiation and 
conduction of heat by the electrodes during the time the weld is 
being made. This results of course, in excess heat or energy being 
handled by the welder transformer. 

Where thyratron control is used the time of power application 
usually is shortened a great deal, causing the weld to be com- 
pleted in probably two or three cycles or less, and preventing 
excessive radiation and conduction of heat away from the weld. 

3. With a mechanical contactor, it is entirely probable that 
the circuit is closed or opened at the zero point of the voltage 
wave. 
transformer is at practically zero or only of residual value. In 
the first 14 eycle, the welding transformer core reaches its full 
load excitation, and the balance of the first half eycle probably 
will result in over-saturation of the transformer, resulting in a 
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tremendous current surge, which will be several times full load 
current (dependent upon the design of the particular transfor- 
mer). After the transformer core becomes saturated it can no 
longer transmit the power to the secondary of the transformer. 
These surges can occur every time the circuit is closed and result 
in heating the transformer without delivering a proportional 
amount of power to the weld. 

Where thyratron control is used, it is adjusted so that the cir- 
cuit always is closed at the peak of the voltage wave, resulting in 
only normal saturation of the welding transformer before the 
alternating voltage reverses. The result is that stable operation 
is established from the start and no peak surge of current occurs. 

As a result of these findings it has been predicted that re- 
sistance welding transformers can be rated higher than previously 
without increasing the amount of iron, provided thyratron con- 
trol is used. 

The author of the paper has stated in his concluding paragraphs 
that the resistance welder manufacturers are of course interested 
in methods of increasing this power factor—which is stated to 
be between 20 per cent and 70 per cent. It certainly is true that 
a load of only 20 to 70 per cent power factor is undesirable from 
a power generation standpoint. Worse than power factor how- 
ever, is the fact that the load is single phase and intermittent 
and often causes light flicker. A number of power companies 
in this country among which are a power company in New Jersey 
and another in the State of Massachusetts, have insisted upon 


Fig. 3—SPrcIAL 
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the manufacturer paying a penalty for this single-phase power, 
another penalty for the low power factor, and a third penalty 
for the intermittent operating characteristics. In another loca- 
tion it has been stated that a manufacturer is paying $3,000 
premium per month for the privilege of using single-phase power 
from a public utilities line. This $3,000 is to cover the expense 
for extra single-phase line and necessary transformers to tie this 
load in to a high capacity network which runs within several 
miles of the particular manufacturing plant and to compensate 
for the unusual power demand. 

All of the above objectionable features or characteristics of the 
resistance welding load can be overcome by the application of 
motor-generator sets. More details on this application of motor- 
generator sets may be found in articles by the writer: “Problem 
of Power Supply for Resistance Welding,”’ in the December 31, 
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1932 issue of Electrical World and ‘‘Balancing Welding Loads on 
Shop Lines,’ in the March 1933 issue of Factory Management 
and Maintenance. 

S. T. Maunder: One point should be emphasized for the 
benefit of the industry at large. The requirements for secondary 
voltage and capacity usually are much higher than anticipated. 
For example, if it is thought that 3 volts are sufficient at the 
terminals of the weld, then very likely the terminal voltage of the 
transformer should be close to 10. The capacity is increased in 
the same proportion. This difference is caused by underesti- 
mation of requirements at the weld, larger current flow than was 
presupposed and too large drop in the terminals or lines to the 
weld. The drop mainly is due to excessive reactance in the 
lines, which often is nearly 100 per cent. 


It has always been the practice to recommend that adequate 
tests be made before determining the capacity and voltage of 
welding transformer equipment. 


RADIO AIDS TO AIR NAVIGATION* 
(GREEN and BrcKER) 


W.M. Thompson: The system described in the paper appears 
adapted particularly for operation over fixed airways, although 
it appears practicable to use the system when flying toward or 
away from any suitable transmitting source. This method can 
be practiced roughly by using almost any aireraft radio direction 
finder and comparing the bearings with the magnetic compass to 
obtain the angle of drift when flying a known course but such 
application lacks the automatic feature of the present develop- 
ment. Actual flights made with only the inductor compass and 
associated control equipment have demonstrated to certain naval 
flyers that the automatic steering feature has many desirable 
attributes as it leaves the pilot with fewer controls to manipulate 
during flight. 

The radio direction finder described as a part of this develop- 
ment appears to incorporate certain novel features but it is sub- 
ject to certain errors which are inherent in such a system. For 
example, the output of the direction finder loop indigates a 
minimum when the plane of the loop is normal to the resulting 
wave front and such indication may not give the correct bearing 
unless corrections are applied to compensate for the disturbance 
eaused by the structure of the plane. Propagation phenomena 
such as the well known “night effect’’ are encountered which 
may produce errors or make bearings difficult to obtain. Troubles 
of this sort can be minimized by using transmissions in that part 
of the radio frequency spectrum where experience has shown these 
effects to be a minimum but it is felt that such trouble should be 
pointed out in order to avoid conveying an impression that per- 
fection has been obtaingd. 


Then operational difficulties attend the use of such delicate 
devices for in effect a radio direction finder is a sort of bridge 
which must accurately be balanced if the results are to be accu- 
rate. This requires a design where the operating adjustments do 
not cause a shift in the bearing. The sensitivity must also be 
sufficient to avoid too much zig-zagging along the desired course. 


Similar comments apply to certain forms of range beacons. 
This is illustrated by the fact that a certain pilot flying a course 
laid down by a beacon found himself being guided farther and 
farther to one side of his goal. Subsequent investigation dis- 
closed that the gradual failure of a capacitor in the transmitting 
equipment caused this shift in bearing. Such an error was only 
apparent to the pilot by reason of clear weather and knowledge 
of the territory over which he was flying. 

From a naval point of view it might be well to point out that 
a radio silence by the ships of the fleet probably will be manda- 
tory when the fleet is at sea during wartime and that the only 
radio available will be that from the large shore stations. Due 


*See page 738. 
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to the distance of the fleet from these shore radio stations, the 
possibility of interference is very great. 

The above comments are not intended to derogate from the 
excellent development described to-day, but rather to emphasize 
the need for intelligent operation of all scientific equipment in 
light of its capabilities, for defects in such equipment may pro- 
duce errors at possibly rare intervals which are difficult to detect. 


J. H. Dellinger: As stated by the authors, the paper is 
principally on certain new types of equipment, but it gives also 
an interesting general survey of the whole field. In the fourth 
paragraph it is stated that radio methods for course and position 
determination fall under three headings, viz., range-beacons, 
ground direction finding, and direction finding on the aircraft. 
For completeness there might be added to this list: directive 
beacons of other types than range-beacons (é.g., rotating direc- 
tive beacons), marker beacons, and altitude indicating methods. 
Of all these methods, there is perhaps the greatest field for 
development at the present time in direction finding, and it is 
fortunate that the authors have devoted particular attention to 
this point. The difficulties of thorough control of phase adjust- 
ments under all conditions of operation have retarded past 
development, and it is noted that this is receiving special atten- 
tion in the new direction finder. 


The following paragraphs summarize the development of a 
complete system of radio aids for the blind landing of airplanes. 
This work has been done in research extending over the past 
four years by the Bureau of Standards serving as the Research 
Division of the Aeronauties Branch, Department of Commerce. 
The system described meets all the requirements laid down by 
Messrs. Green and Becker in the second paragraph of the paper 
under the heading ‘‘Landing Aids.” It has recently been 
demonstrated to the public in a series of completely blind land- 
ings under practical operating conditions. 

This system gives position in all three dimensions—lateral, 
longitudinal, and vertical—which is the information that the 
pilot must have to make a landing. Lateral position is given by 
a runway localizing beacon, longitudinal position by marker 
beacons, and vertical position by a landing beam. 

Work on this research project was divided into three ae 
the first of which consisted of fundamental experiments and re- 
search to develop the basic component parts of the system, in- 
eluding the runway localizing beacon, marker beacons, landing 
beam, and suitable radio receiving and indicating apparatus for 
use in the air. The second stage consisted of the practical de- 
velopment of these component parts, fitting them together to 
form a complete system and finally demonstrating the practica- 
bility of the system through the medium of an extensive series of 
hooded landings, conducted by the Aeronautics Branch at its 
experimental flying field at College Park, Maryland. The third 
stage of the development, which involves the testing of the com- 
plete system experimentally under the conditions obtaining at a 
commercial airport, is under way at the Newark, N.J., Municipal 
Airport where the city of Newark has cooperated in the instal- 
lation of the system. 

The work at the Newark Airport includes fog landings as well 
as hooded landings. The former are, of course, more representa- 
tive of operating conditions. While the Newark installation is 
not for service use in air passenger operations, it affords an 
opportunity for cooperative experimentation with air transport 
operators. 

This system of landing aids is so designed as to require a mini- 
mum of special equipment on the airplane and to provide maxi- 
mum convenience to the pilot. It is an airport system, all of the 
radio transmitting equipment being located on the ground at an 
airport. The lateral localizing of the runway is given by a small 
radio range-beacon of visual type operating on a frequency in 
the neighborhood of 300 kiloeyecles. The vertical direction is 
provided by a landing-beam transmitter operating on about 
100,000 kiloeyeles; this gives a radio beam which is directive in 
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the vertical plane, and marks out a line of equal received inten- 
sity in space which is tangent to the ground and suitably curved 
for the operation of landing. Longitudinal position is furnished 
by two marker beacons, low-power radio transmitters which 
give the pilot special signals, one of which he hears as he passes 
over a point 2,000 feet before the edge of the landing field is 
reached and the other is heard at the edge of the field. 

The pilot hears the marker-beacon signals in his headphones. 
The indications from the runway localizing beacon and the land- 
ing beam are received on a single instrument with two pointers. 
One pointer is vertical and tells him his position laterally, and 
the other is horizontal and tells him his position in the vertical 
plane. By so operating the airplane controls as to keep the two 
pointers crossed at right angles, like the crosshairs of a gun- 
sight, the pilot keeps the plane on the proper path for landing. 
When he hears the second marker-beacon signal he levels off and 
lands. The airplane equipment includes a distance indicator 
and other auxiliary aids. 

Many auxiliary problems have been worked out, such as the 
coordinating of two-way telephone communication with the 
other radio devices, and the provision of a monitoring arrange- 
ment for the tests of the system. Experiments also have been 
made to adapt the equipment for use with all wind directions. 
The runway localizing beacon has been successfully operated in a 
pit below ground level, thus permitting its use in the center of a 
landing area. The experience at Newark, however, indicates that 
in practice it may not be necessary to provide service through- 
out 360 deg. In the Newark installation the runway localizing 
beacon and landing-beam transmitter are located northeast of 
the field, northeast being the direction of the prevailing winds 
during times of low visability. Both of these transmitters are 
capable of serving any direction throughout a 45 deg sector, 
which is sufficient to care for the wind conditions. 

P. V. H. Weems: When not in sight of known landmarks, 
there are only two methods of fixing the position of aircraft in 
flight. We may apply the celestial navigation methods long 
used by the mariner, or else we may utilize the directional 
characteristics of radio waves. Celestial navigation is not avail- 
able in fog, while on the other hand, it is a relatively simple 
and inexpensive method wholly self-contained, that is, it re- 
quires no cooperation of equipment or personnel outside the 
plane. Radio is independent of fog or other low visibility, but 
it does require assistance from equipment and personnel outside 
the plane. Furthermore, radio equipment is relatively expensive 
and complicated. 

The most promising feature of radio navigation is the fact 
that so much has been accomplished in such a short time. Radio 
is a new art. In fact, most of us have grown up with it. With 
so much progress made in such a short time, it is logical to as- 
sume that another decade will result in the simplification and 
‘improvement of radio aids to air navigation to the point where 
it will be indispensable and almost universally used. 

The science of air navigation is an extensive and difficult 
subject. The future will require navigation specialists who 
devote full time to the subject. In fact, during the development 
stage, full time may be devoted to radio alone to good advantage. 
Regardless of the preferred method, one fact must be kept in 
mind, we should use all means available for the safe navigation of 
aircraft. This includes dead reckoning, radio, and celestial 
navigation. The remainder of this discussion is restricted to 
radio; those interested in the other two methods are referred to 
“Air Navigation,’’ (McGraw-Hill) for details. 

Aside from its value for rapid communication in flight, radio 
navigation equipment is becoming standard equipment for planes 
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in scheduled passenger flight. The widest use for radio for navi- 
gation purposes is found in the simple course indicators for use 
with the airway beacons on established airways. There are 
various types; aural, visual, or a combination. Also, the diree- 
tion finder may be located either in the plane or on the ground. 
The details of these devices are explained in detail by the Depart- 
ment of Commerce “Air Commerce Bulletin,” or by literature 
furnished by the manufacturers. 


The ultimate goal of the air navigator is an automatic radio 
“‘super-metal mike’’ which will steer a plane continuously on its 
direct course regardless of wind drift. Such a device is the G-H 
automatic steering control with automatic radio drift correc- 
tion. The writer was privileged to see two impressive demon- 
strations of this equipment. While the details of this equipment 
are in the development stage, the basic principles are definitely 
established. It should now merely be a question of time, in- 
tensity of demand, and the generous backing of the government, 
before a plane can take off and fly surely in a direct line to any 
desired point merely by grinding in the “‘address’’ of the destina- 
tion. The address is given in the form of the course to be steered 
which is set for the automatic steering device. The plane will 
then take up a course at an angle to the true course equal to the 
wind drift and ‘‘crab”’ in a direct line to the destination. The 
latter part of the paper gives the details of this device and in 
Fig. 8 illustrates the demonstration equipment. In the writer’s 
opinion it is difficult to over-estimate the value of this develop- 
ment to future aviation. With the simple addition of means for 
observing bearings received from a second station, the air navi- 
gator is enabled not only to proceed direct to his destination, 
but he may also determine bis progress along the course at will. 


The research necessary for the development of this and other 
equipment is expensive, and can only be carried out by the 
government or by large corporations such as the General Electric 
Company. The government should back the efforts of the 
General Electric and other firms by placing orders for the finished 
product, and by giving prizes for methods and equipment meeting 
the required rigid specifications. 


C. F. Green: Three comments coming from Commander 
Thompson’s discussion should be noted: 


The metal structure of an airplane introduces errors in the 
compass bearings obtained with radio, which are comparable 
with those obtained on the magnetic compass. These can be 
compensated for in much the same way either by using a cor- 
rection card or a correction cam in the controller circuit. 


Errors obtained by a shift in apparent direction of wave propa- 
gation caused by interference of the reflected wave have to date 
been corrected only by special receiving and transmitting loops. 
It is believed that this method will be perfected so that accurate 
bearings may be obtained 24 hours of the day. 

The value of radio compasses in war time will depend a great 
deal on the particular countries engaged. During the last war 
the high power low frequency stations, such as New Brunswick, 
N. J., Nauen, Germany, Bordeaux, France, and Carnarvon, 
Wales, worked almost continuously, and in Europe it would be 
rather difficult consistently to blanket out these stations. Any 
broad interfering wave transmitted to cause interference would 
have very little range. 

Doctor Dellinger’s timely short description of the system now 
undergoing tests at Newark, N. J., is of special interest since it 
is the result of extended work. The authors agree heartily with 
Commander Weems in his italicized words, not only in regard to 
navigation but also concerning other matters contributing to 
safety in flight. 


Radio Aids to Air Navigation 


BY C. F. GREEN* 


Associate A.I.E.E. 


T IS considered advisable to state in introducing 
[os paper that its principal subject matter covers 

equipment which is believed to embody new and 
interesting features, but that refinement in detail and 
further testing are still necessary to reduce it for 
service. If so reduced its adoption will depend on 
its ability to compete with other systems of naviga- 
tion from the standpoint of application, accuracy, 
simplicity, reliability, weight, size, and cost. 

Radio has played an outstanding part in the pro- 
motion and maintenance of regular scheduled flight 
and safety in air transportation. In a relatively 
short time it has become an essential means of 
communication and navigation, and is steadily 
increasing the number and extent of its applications. 
It is particularly useful because it furnishes the 
navigator with reference axes and points. 

One- and two-way communication have placed 
at the disposal of the pilot: weather information at 
points along the route, traffic conditions on the air- 
way and at the terminals, assistance in case of 
trouble, and in isolated cases almost the sole means of 
effecting a landing in low fog at the terminal airport. 
‘Stations along the federal airways, installed and 
maintained by the Airways Division of the U.S. 
Department of Commerce, give weather information 
collected from 93 weather stations by teletype, while 
stations of the individual operators handle dispatch- 
ing, traffic direction, and related matters. 

In general, radio methods for course and position 
determination fall under three headings: (1) range 
beacons, (2) direction finding of aircraft position by 
ground stations, and (3) direction finding on the 
aircraft itself. 

In the United States the first has been employed 
almost exclusively. The Department of Commerce 
has installed two types of radio range beacon stations 
along the federal airways of the country. The aural 
type making use of code signals indicates, by the 
interlocking of the ‘‘dash-dot”’ and “‘dot-dash”’ into 
one long dash, that the plane ison the course; 
periodic station-identifying code letters indicate the 
course followed. The visual type employing two 
modulation frequencies and a tuned reed indicator 
shows flight along the course by equal amplitude of 
reed vibration. Both systems have been described 
in much detail in various journals.'2**> The aural 
range beacons have been in use since the establish- 
ment of the airways, while developmental visual 
stations have now led to the construction of a con- 
siderable number of this type. Continual progress 
is being made in these services, resulting in such 
improvements as simultaneous telephone and range 
beacons, T-L antenna system to overcome ‘‘night 
effect,” and the reed converter for visual indication. 

*General Electric Company, Schenectady, N. Y. 

1. 2, 3.... See bibliography at the end of article. 
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Directive beacons, with the straight airway be- 
tween them, are supplemented by small marker bea- 
cons at intervals along the route. These low-power 
transmitters, giving a characteristic signal, serve to 
indicate position along the airway. 

Here, then, is a system of communication, a system 
of navigation along fixed routes, and means of getting 
approximate position on the route, which have been 
of inestimable value. 

Navigation along independent routes requires 
direction and position finding either (1) on the 
ground with transmission to the aircraft as in use on 
the airways of Europe or (2) on the aircraft by 
direction finder or compass. In the former, ground 
direction-finding stations triangulate on the charac- 
teristic radio signal of the plane and, having deter- 
mined the craft’s position by combining their indi- 
vidual readings, transmit it to the plane. This 
system has the disadvantages that the indications are 
not continuous and that the position indicated is that 
occupied by the plane some time previous. 

Direction finders based on minimum signal em- 
ploying loops aboard the craft are in extensive use on 
marine vessels, lighter-than-air craft, and also to 
some extent on airplanes. This equipment makes 
possible the fixing of position by triangulation, and 
guidance along a route toward or away from a trans- 
mitting station by maintaining the indication at the 
minimum; but it does not show that a deviation is to 
the right or left of the course. A radio compass 
makes possible direction finding and gives right and 
left indication of deviations from the course. 


RapIoO COMPASS 


An ideal radio compass for use in controlling the 
course of an aircraft would be one that would give 
right and left indications on both continuous and 
modulated wave radio signals sensitive around the 
zero position, and not destroy the characteristics of 
the signals used in communication. 

Radio compasses have been in use for years along 
the coast to determine the position of ships. In 
these installations loop antennas are used to get the 
line between the ground station and the ship, but the 
loop alone does not tell at which end of the line the 
ship is located except, of course, that on the east 
coast the ship naturally will be to the east of the 
station. In order to determine from which end of 
the line the signal is coming it is necessary to compare 
the output of the loop antenna with the output of a 
vertical wire antenna. This is done by combining 
the two outputs and noting the effect in head phones 
when the loop is swung from one side of zero to the 
other. 

A radio compass for use on aircraft must give right 
and left indications on a visual indicator so that if the 
pilot when flying toward a radio station turns the 
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ship to the right, the indicator must turn to the right; 
if he is flying on a course away from the radio station 
and the ship is turned to the right, the indicator 
must show left, indicating that he is flying away from 
the radio station. Several radio compasses have 
been developed to give these indications. In general 
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these contain some form of a synchronized switching 
_ device which rapidly switches the polarity of the loop 
with respect to the vertical antenna and at the same 
time switches the rectified audio frequency output 
using a zero-center indicating device; this gives a 
sense of direction if the loop increases the voltage 
picked up on the vertical antenna when connected 
for right indication, and bucks when the indicator is 
connected for left indication. This principle gives 
fairly satisfactory results, but it destroys the charac- 
teristic of the signal for use in communication and the 
accuracy is effected by phase-angle shifts in the radio 
receiver due to any regeneration that might be 
present. 

A radio compass utilizing an entirely different 
principle has been under development; it does not 
depend on synchronizing the input and output of the 
radio receiver, and it does not destroy the modulation 
that might be present on the radio signal. 

A loop antenna has directional characteristics in 
that the voltage induced in it becomes a minimum 
when the loop is normal to the direction of the radio 
wave, whereas a vertical wire antenna has no direc- 
tional characteristic to waves approaching in a 
horizontal plane. Also the polarity of the loop with 
respect to the vertical wire antenna can be reversed 
by rotation; thus it is possible to use the voltage 
from the loop to buck or boost the voltage induced in 
a vertical wire. 
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The foregoing describes a method of indicating 
when the loop is not normal to the direction of propa- 
gation of the radio wave and also to which side it is 
turned. The next step is to transform the combined 
radio frequency energy from the loop and vertical 
wire to direct current which will reverse when the 
loop is turned from the bucking to the boosting 
position. This is accomplished by modulating the 
output of the loop with an audio frequency having a 
wave form as shown in Fig. 14. This wave form is 
maintained through the radio receiver and audio 
output to a non-linear resistor in series with the visual 
indicator. A non-linear resistor is one in wbich the 
current does not change in proportion to the applied 
voltage; thus if an alternating current having a wave 
form as in Fig. 1A is applied to the resistor, the 
polarity of the wave having the highest peak value 
will cause more current to flow than the opposite 
polarity even though the rms values of both sides be 
the same. This increase in current from one side 
of the wave causes an indication in the d-c indicator 
and if the alternating current be reversed the indica- 
tion will be reversed. Turning the radio loop from 
its zero position to one side or the other causes the 
peak side of the audio frequency output of the re- 
ceiver to appear on one side of the wave or the other. 

In Fig. 1B is shown the radio frequency envelope of 
output from the loop, which does not appear except 
when the loop is turned off normal; this is combined 
with the steady wave Fig. 1C from the vertical 
antenna. Figure 1D shows the resultant when the 
loop is turned in the proper direction to cause its 
voltage to add to that in the vertical antenna, and 
Fig. 1E shows the resultant when the two voltages 
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are bucking. Figures 1F and 1G show the resultant 
a-c rectified currents from the radio receiver detector. 
When the aircraft is on its course, the radio loop is 
normal to the radio wave and the voltage across it is 
a minimum. Therefore there is no effect of the 
compass attachment transmitted to the receiver and 
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head phones, thus allowing the receiver to be used for 
communication purposes... 

Referring to the schematic diagram, Fig. 2, the 
compass effect is transmitted through condenser C, 
to the antenna binding post of the receiver, and the 
audio frequency output is connected directly to the 
head phones and indicating system. Condenser C; 
and inductor Z; are used to prevent excessive voice 
modulation from appearing on the indicator; Ris the 
non-linear resistor and C; is a smoothing condenser. 
The wave shape Fig. 1 is obtained by the action of 
resistor R, and the grid current in the modulating 
tube; this wave shape can be duplicated by com- 
bining the fundamental and second harmonic in the 
proper amplitude ratio and phase angle difference. 
Thus it is possible to modulate the loop energy with 
an audio frequency f and combine it with a 2f fre- 
quency at the non-linear resistor; but any shift in 
phase relation caused by a delayed action in the 
radio receiver would tend to make the indication 
insensitive, or if carried too far the indicator would 
show reversed directions. This difficulty is a com- 
mon experience with the type of compass that de- 
pends on the synchronized switching ‘between the 
radio receiver input and output circuits, and prevents 
the use of any form of regeneration. With the 
compass just described, regeneration up to the point 
of oscillation does not interfere with the accuracy of 
the compass attachment—in fact when the receiver is 
oscillating as used for continuous wave telegraph 
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reception compass bearings can be obtained, but the 
sensitivity of the overall system is considerably 
reduced because of the overload on the detector stage. 

Receivers equipped with automatic volume control 
can be used with this compass because such control 
not only automatically increases the amplitude of 
the combined signal from the radio loop and vertical 
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antenna, but also maintains the ratio between the f 
and 2f frequency in the ‘audio output circuit. Re- 
ferring to Fig. 1 it may be noted that the average 
values of the radio frequency current when the loop 
voltage adds to that from the antenna (Fig. 1D and 
F) is higher than when it opposes (Fig. 1E and G). 
This causes a shift in the operating level at the de- 
tector tube and if, when using automatic volume 
control, an attempt is made to operate on too power- 
ful a signal, erratic results will be obtained. This can 
be compensated partially by varying the respective 
pick-up between the loop and antenna. It is ex- 
perienced only when approaching a powerful trans- 
mitting antenna and generally is not required with 
a hand operated volume control. 

The audio frequency required to modulate the loop 
output can be of any value that will pass through the 
receiver without too much distortion. There are 
two factors which govern the frequency: if the fre- 
quency is higher than 1,500 cycles, a high-pass filter 
can be used to limit voice effects from appearing on 
the indicator; because the modulating frequency is 
made up of a fundamental and second harmonic, 
the receiver should be capable of handling the second 
harmonic frequency without too much transmission 
loss, otherwise the sensitivity will be affected. It 
also may be desirable to keep the frequency fairly 
high in order to use the lower range for continuous 
wave telegraph reception. 

The sensitivity around the zero point depends on 
the type of signal being received. On unmodulated 
continuous wave stations it is a maximum, and on 
badly overmodulated waves a minimum, averaging 
approximately 10 deg for full scale deflection day- 
light reception on broadcast stations 150 miles away. 
By using head phones directions can be obtained 
down to a fraction of a degree. 

The distance range of the compass attachment is 
limited to that of the radio receiver with which it is 
operated; in general it will give satisfactory bearings 
on broadcast stations that can be received loud 
enough for ordinary loud-speaker operation or, in 
reception on aircraft, the range is about the same as 
that obtainable for head phone reception. Rough 
bearings can be obtained in bad static conditions 
when telephone reception is impractical. 

With a satisfactory radio compass it becomes pos- 
sible to navigate an aircraft with much greater ac- 
curacy, with a resultant saving in fuel; it permits 
night expeditions over strange territory or water; 
it is valuable in photographing; when one is lost it 
becomes useful in obtaining angles for triangulation; 
and when combined with a magnetic compass it 
presents a system of navigation which automatically 
corrects for wind drift. 


COMBINATION OF RADIO COMPASS AND MAGNETIC 
COMPASS 


Referring to Fig. 3, if one wishes to fly from 
Washington, D. C., to Schenectady, N. Y., and main- 
tain his course by following a magnetic compass 
with a west wind blowing he would travel a course 


September 1933 


AB to the east, never arriving in Schenectady. If he 
tuned in radio station WGY and flew according to 
the radio compass the course would'be along AEF 
eventually arriving but traveling a considerable dis- 
tance out of his way. -Referring to Fig. 4 it may be 
noted that angle a between the magnetic north and 
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Fic. 4—DiIAGRAM SHOWING How AN AIRPLANE Is HELD To ITS 
CouRSE By COMBINING RADIO, MAGNETIC, AND Gyro UNITS IN A 
Compass SYSTEM 


the course remains constant whereas if the craft 
should drift to the left, for instance, it might still be 
headed for its destination by following the radio 
compass but the angle with respect to the north pole 
would become 0. Thus in order to maintain both the 
magnetic angle and the radio compass satisfied, it is 
necessary to keep on a straight line course to the 
destination. 

The following system to accomplish correction for 
‘drift will operate with any type of compass, but 
tests have been made with the magneto compass, 
hence a brief description of this instrument is given. 
It is essentially a small d-c generator (Fig. 5) which 
depends on the earth’s magnetic field for excitation 
and obtains its rotating power either from a 12-volt 
motor or a wind driven impeller. In order to collect 
a maximum of magnetic flux for the field, permalloy 
poles are used. A sensitive center-scale ammeter is 
used for the indicator and the indication becomes 
zero when the poles are in the east-west position. 
The instant the poles are turned away from this 
position a magnetic field is established across the 
armature causing a voltage to be generated and an 
indication on the indicator, the direction depending 
‘upon which way the flux travels through the poles. 

There is a remote control or course-setter which 
enables the poles to be rotated to a position which 
will be east and west when the aircraft is on its 
proper course. The output of the compass generator 
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also can be used to operate a sensitive polarized relay 
which in turn can be used to operate an automatic 
steering engine, Fig. 6. This engine is driven by a 
12-volt motor which rotates the steering drum in 
either direction by the use of electrically operated 
clutches. -The clutches are controlled by the mag- 
neto compass and the overall system is stabilized by 
a follow-up system: which introduces a counter emf 
in the compass circuit eventually becoming equal - 
and opposite in polarity to the current generated by 
the compass. The follow-up device is operated 
directly from the steering drum and permits the 
rudder to be turned an amount proportional to the 
current from the compass. It also causes the rudder 
to return to its mid-position without overshooting. 

Referring to Fig. 7 it may be noted that in order to 
maintain a straight course between the starting point 
and the destination, it is necessary to maintain the 
radio compass loop L; LZ; normal to the course and 
the magnetic compass poles P; P, east and west. 
If the aircraft be permitted to drift to position B 
and the angles of both compasses are not changed, 
then it may be seen that the radio loop is no longer 
normal to the radio station or course; and if the 
output of the radio compass was used to control the 
rudder, the craft would make a left turn toward the 
straight line course. 

In order to make this correction automatic it is 
necessary to operate the compass pole rotating 


Fic. 5—A Motor Driven Macnetro Compass GENERATOR WITH 
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mechanism with a motor and also to permit the loop 
to be rotated. Figure 8 shows a test stand equipped 
with the developmental equipment. The steering 
engine here differs somewhat from the one previously 
shown in that it contains an extra set of clutches and 
a differential gear box, the drum on top of the engine 
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having a small metal rudder which represents the 
rudder of an aircraft. The contro] panel is arranged 
so that the rudder can be operated directly by either 
the magneto compass, the radio compass, or the 
combination of the two which gives automatic drift 
correction. When switched for drift correction the 
magneto compass poles are automatically kept in an 
east-west position by using the output of the compass 
to control the second clutch assembly; this in turn 
rotates the poles until the compass output is zero. 
Attached to this clutch mechanism is a differential 
gear box which is connected mechanically to the 
rotating mechanism of the radio loop. The differ- 
ential gear box permits the angle between the radio 
compass and the magneto compass to be set and after 
that no matter which way the aircraft is turned the 
two compasses will remain at a fixed angle with 
respect to the magnetic north pole. 

The output of the radio compass controls the 
rudder and thus the craft is directed according to 
the angle set up between the two compasses. To 
correct for wind effects the craft will automatically 
assume a heading or “crab” into the wind a sufficient 
amount to maintain its course on a straight line. 
If the wind increases or decreases the ‘‘crabbing”’ 
angle will automatically change. 

The gyro turn compensator is used to stabilize the 
system in rough weather and when making rapid 
turns, although the equipment is intended for use 
only for fairly long level flights and not for rapid 
maneuvers. 

Referring to Fig. 8 showing the control panel, the 
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course setter to the right is used to set the angle of 
the course and the indicator to the left shows: the 
actual heading of the aircraft. By subtracting the 
two angles the difference indicates the angle of crab 
and is a direct indication of the effect of the wind. 
After establishing the ability of maintaining a 
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straight course and the angle of crab, it remains 
necessary only to determine ground speed to deter- 
mine the exact location during the flight. This may 
be determined by orienting the loop on a second radio 
transmitting station. 

Using test equipment a plane has been automati- 
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cally steered to destination with correction for drift 
by the described method, but work remains to be 
done to reduce the equipment to service form. 


LANDING AIDS 


The safe landing of aircraft during adverse weather 
conditions remains the great problem confronting 
air transportation. In general, transport companies 
avoid any possibility of being caught in a position 
where it is necessary to attempt a landing in fog, in 
the same way that all ocean liners meet their corre- 
sponding problem. However, several organizations 
are now making strenuous efforts to solve this 
problem. Here it is that all the agencies are to be 
investigated, radio, sound, light, and any others, for 
each may contribute to the solution. 

The landing of planes at an airport under blind 
flight conditions requires the guidance of the plane 
from the beacon course or the course determined by 
radio compass to an approach course at the airport, 
the determination of runway position, knowledge of 
height above ground and traffic conditions about 
the port. 

Several methods have been proposed and demon- 
strated, including the Guggenheim Fund work of 
Major Doolittle, the short-wave radio beam de- 
veloped by the Aeronautics Research Division of the 
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Department of Commerce at the U.S. Bureau of 
Standards, the system developed at Wright Field by 
Captain Hegenberger, and others. As in other 
flight equipment, it is desirable to limit the total 
apparatus, particularly that on the plane, to a mini- 
mum, and to make use as far as possible of instru- 
ments that are needed for normal flights or that 
become an aid in emergency landings. Thus the 
relocation of those range beacon transmitters situ- 
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Fic. 8—ExXPERIMENTAL AUTOMATIC STEERING CONTROL WITH 
AUTOMATIC RADIO DrirT CORRECTION, MOUNTED ON A TEST STAND 


ated near an airport such that one of the radiating 
courses lies across the airport as now planned by the 
airways division will assist the pilot, and the use of 
available receiving equipment aboard the plane 
without duplication serves to reduce the carried 
weight to a minimum. 
. A few portable runway-localizing beacons have 
been constructed which have outputs of from 10 to 
15 watts. These use small cross loop antennas so 
located that the vertical plane containing the axis 
of the desired runway bisects the angle between the 
two loops. These beacons are essentially the same 
as the radio range beacons mentioned previously 
except smaller in size and output. 


GREEN AND BECKER: RADIO AIDS TO AIR NAVIGATION 


743 


The range of the localizer transmitters is from 7 to 
15 miles so that a plane may be brought in from a 
distant range beacon course to the desired runway. 
It is desirable that the set be adapted to voice 
modulation, thus placing the operator in telephone 
communication with the pilot at any time. 

The localizing beacon can be used with several 
types of supplementary aids. Airport boundary 
marking may be effected by radio or sonic markers 
each throwing out a barrage through which the plane, 
in passing, receives an aural or visual indication. 
The indication of height above ground may be 
determined by a sensitive barometric altimeter or by 
a sonic altimeter. The first gives approximate 
comparative heights which do not follow the contour 
of the terrain while the sonic altimeter, described 
elsewhere,®’ permits the pilot to know his height 
during the glide over adjacent ground, the time at 
which he passes the boundary, providing the sonic 
type of boundary marker is used, and the gradual 
approach to the surface of the runway in normal 
gliding position thus eliminating the necessity for a 
shock landing. The sonic altimeter likewise is 
effective in emergency landings. 

It is not yet apparent what the ultimate system or 
systems will be, but whatever leads to successful 
operation will lean heavily upon radio aids. Tests 
conducted to date with the equipment described in 
this paper show results indicative of material aid in 
the solution of problems of flight. 
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Reactive Power Concepts in Need of Clarification : 
"BY ARCHER E. KNOWLTON* en ae 
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Synopsis.—To assist in clarifying the present concepts of . reactive 
power, the following introduction to the subject has been prepared. 


An ‘analysis of We peaciioe conventions made by Doctor Silsbee, a 
member of. the subcommittee, is included. 


presidential proclamation be straightened into 

uniform permeability over its’ whole range of 
magnetization there would be less occasion to raise 
the “question of adequacy of our prevailing concepts 
of reactive power and power factor. If all syn- 
chronous machine windings under all conditions of 
loading could have flux distribution in strict con- 
formity with symmetrical :sinusoidal generation 
there would be still less. Moreover, the excuse 
would nearly vanish if polyphase circuits could 
always be held to rigid balance of impedances on 
their lines and loads. With these factors eliminated 
the residue of doubt, if any, would be a topic to 
intrigue only the academic and metaphysical minds. 

But no one of these 3 ideals is attained fully in 
practice and the. degree of departure in any particu- 
lar instance is what justifies an effort to take some of 
the slack out of the power factor and reactive con- 
cepts. However, power factor is only a ratio ex- 
pressing the interrelations between true power, 
apparent power, and reactive power. The focus is 
at once upon reactive power because of the 3 aspects 
of energy flow, it has been given second place in 
analysis and measurement. 

The quadrature component accompanying energy 
flow in inductive and capacitive circuits has vagaries 
which, relatively speaking, have been overlooked 
while energy, power, voltage, and current were 
being explored and reduced to systematic and con- 
ventional procedure. During the last 5 years there 
has been a growing disposition in academic circles 
to turn the mathematical weapons concertedly 
upon the reactive constituent. To Prof. Constantin 
D. Busila of the Polytechnic School at Bucharest, 
Roumania, and Roumanian representative on the 
International Electrotechnical Commission, is given 
most of the credit for bringing the loose status of 
flux-energy to the fore. At the International 
Conference on High-Voltage Electric Systems (Paris, 
1927), Professor Busila presented a paper, ‘“‘The 
Power Factor and Its Improvement.” Discussion 
of it disclosed such differences of opinion on the 
basic phenomena that a special advisory committee 
was formed under Roumanian sponsorship. Out 
of it came the Roumanian “Questionnaire on the 
Problem of Reactive Power” which was given inter- 
national circulation. 


No categorical answer to that questionnaire has 
been given by the A.I.E.E. A special subcom- 
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*Chairman, A.I.E.E. Subcommittee on Reactive Power. 

This article serves as an introduction to the reactive power sym- 
posium held during the Institute’s North Eastern District Meeting, 
Schenectady, N. Y., May 10-12, 1983. 


mittee* was constituted by the standards committee 
to prepare an answer. In 1931 the only answer that 
could even partially be agreed upon as a suggestion 
to the standards committee for transmission to the 


Roumanian committee was that: 

“|... prevailing methods of measuring reactive components 
are acceptable as a practical expediency, although it is recognized 
that errors of measurement are incurred under unbalanced and non- 
sinusoidal conditions. However, the relative wnimportance, from 
the economic standpoint, of reactive power flow as compared with 
demand and energy elements of electricity costs tends to discount 
the value of an exhaustive and abstract analysis of the inconsistencies 
of reactive concepts and the corresponding technique of measure- 
ment. In brief, American practice is content with the definition of 
reactive component as that quantity which is measured when the ~ 
potential is shifted to quadrature with its appropriate vector posi- 
tion for true power measurement. 


Such an answer at the most appears to be evasive 
or temporary and not erudite or graced with much 
professional courtesy. The committee set about 
assembling the foundation for a more comprehensive 
answer. The symposium on reactive power at the 
Institute’s North>:Eastern District meeting in 
Schenectady, May" 10-12, 1933, is one result and is 
a major phase of the subcommittee’ s activity. 


That is the history. Now why so much concern 
about a circuit manifestation that is always sub- 
ordinate to the energy and power objectives of prac- 
tical operation? It is condoned and _ tolerated, 
manipulated subserviently, by some viewed merely 
as the source of power-factor characteristics, by 
others as merely something to be metered as simply 
as possible. .. But the Institute owes to the profession 
the reduction’ of the quadrature component to the 
same ‘degree of specificity as has been done with the 
true power and , energy. Otherwise there can be 
no rigid definition of power factor (we have one now 
but it is admittedly not the whole and final answer). 
In fact, the whole uncertainty about reactive power 
could | readily be exaggerated to the point where 
power factor would have to sacrifice its present abode 
among.,the élite definitions (like those of energy, 
potential, capacitance, etc.) aiid move into a more 
plebeian neighborhood (among diversity factor, 
load factor, use factor, etc.).. Some of the queries 
raised about the quadrature component must, unless 
it is reduced to systematic treatment, lead to that 


__result_for all persons who think occasionally of cir- 


cuits other than those permanently balanced and 
subjected only to sinusoidal currents and sinusoidal 
voltages. 

Energy in transit in an electrical system can per- 
haps be likened to an army on the march over varied 
terrain. The ideal would be an accelerated and 
synchronized movement of all branches up to noon 


* Subcommittee on reactive power: Vannevar Bush, A. L. Cook, 
W. B. Kouwenhoven, F. A. Laws, P. MacGahan, F. V. Magalhaes, 
E. J. Rutan, F. B. Silsbee, and A. E. Knowlton, chairman, 
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and a decelerated movement toward nightfall and 
encampment—smooth progress “‘all above the line”’ 
like the instantaneous progress of energy in a non- 
reactive circuit. But actually the tired and pon- 
derous units “‘lag’’ and delay the procession when the 
going meets obstacles. Light and eager units 
“lead” the rush when there are vacant and alluring 
tarrying points ahead. Most of the army ultimately 
gets to its destination and is potentially useful on 
atrival but the route and the terminal bring out the 
mobility idiosyncrasies of heavy tanks and fast 
motor units, speedy cavalry, and sluggish infantry. 
The laws of the mass movement are relatively simple 
but the laws of the out-of-phase movements are a bit 
intricate. Inject the rearward movement of units 
back to the base for refreshment and recoupment 
and the picture becomes more complete and more 
intricate. What is the “power factor’? of such a 
system? What would it be for a complete military 
force embracing 3 armies moving in parallel to a 
common objective? 

To make the presentation more specific in electro- 
technical terms here are a few of the vagaries, 
occasionally stated categorically but in fact subject 
to argument and, at present, opinion. The author 
disclaims any intention to take sides on any point. 
The intent of this introduction and of the Schenec- 
tady symposium is to elicit all viewpoints with the 
hope of clarifying the issue and making progress 
toward conventional handling of the concepts, the 
terminology, the symbolism, the metering, and the 
economic application of the reactive component of 
energy flow. The following are largely paraphrased 
from the Roumanian Questionnaire. 

1. Reactive power is not conserved in exchanges between circuits 


of different frequency (rotor and. stator of induction motor, for 
example.) 


2. Reactive power to some may ptesent a’ paradoxical tendency 
to change sign when the phase-sequence or alternator rotation is 
reversed. 


8. For some, reactive power is distinct from the mean intrinsic 
energy localized in the electric and magnetic flux fields. 


4. Some apparently attribute to reactive power only that degree a 
reality that attends the circulation or oscillation of intrinsic energy 
between the reactive receiving devices and the transmitting network. 


5. Since (4) leads to a mean value of zero for the instantaneous 
condition of the interchanges, some hold that reactive power is 
wholly fictitious and has no reality. 


6. Even though the accepted labelling of reactive power as V sin ¢ 
is identical with 2w0(Wz—We), that is, twice 2f times the net 
difference between instantaneous magnetic and electrostatic ener- 
gies, for sinusoidal conditions, what will be taken for f where non- 
sinusoidal conditions arise from a superposition of frequencies? 


7. The preceding items indicate the necessity of establishing the 
degrees of reality and fictitiousness which shall be assigned to 
reactive power. 


8. Until this is done there remains an element of uncertainty in 
the following commonplace relationships for all but the ideal trans- 
fers of energy in which volts, amperes, and watts hold to strictly 
sinusoidal behavior: 


P = Elcosg 
Q = Elsing 
EI = /P? + 0! 


9. With equal doubt therefore about Q and ¢ there is a geometrical 
uncertainty in the vector diagrams which represent the effective 
values of non-sinusoidal quantities or the single-phase equivalents 
of unbalanced polyphase quantities. The conventional way of 
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finding the sinusoidal equivalent of non-sinusoidal quantities meets 
the requirements of true power but introduces inconsistencies with 
regard to the out-of-phase manifestations. 


10. The rising reversion to d-c by way of rectification devices brings 
non-sinusoidal manifestation to the fore and thus accentuates the 
need for elevating reactive concepts toward parity with the true- 
power concepts. 


11. Substitution of equivalent sinusoids suffices for power treat- 
ment but, since the proportioning of the harmonics affects the 
reactive quantity, the equivalent sinusoids are not wholly deter- 
minative for the reactive quantity. 


12. Reciprocal deformation effects between current and voltage 
occasion cross-product terms in the expansion of a power expression 
which cancel in the final summation for delivered power but they do 
not cancel correspondingly in the reactive expression. 


18. It appears that a deformation factor may be needed to rid the 
reactive component of its uncertainty under non-sinusoidal condi- 
tions or else a term for. ‘‘deformation power’’ introduced as a cor- 
rection. One suggestion (Liénard) has been that ‘apparent power 
is equal to the maximum of the values which the active power can 
take when we modify in all possible manners the form of the current 
and that of the applied voltage, the effective values of these voltages 
and currents remaining fixed.” 


14. In some quarters “reactive factor’ (reactive power divided by 
real power) is coming into use and approaching sanction. It will 
inherit the same weakness as paves factor. 


Those are the elements of te nies The 
incidence of these areas of doubtful status upon the 
electric system seems to fall primarily into certain 
categories. First, there is the mathematical ap- 
proach to ascertain the degree of reality to be as- 
signed to the quadrature component. This is 
treated from the abstract point of view by Professor 
W. V. Lyon in his paper, “Reactive Power and 
Power-Factor.” Second, there is the analysis of 
the non-conservative attribute of reactive power 
when viewed from the standpoint of the mesh which 
constitutes the practical system of power trans- 
mission; Professor V..G. Smith’s paper, ‘Reactive 
and Fictitious: Power,” is on: this topic. Third, 
the technique of symmetrical coérdinates could well 
be applied to this subject: to ascertain how much 
coriversion to balanced systems would be helpful in 
reducing the uncertainties; this C. L. Fortescue 
has done in his paper, “Power, Reactive Volt- 
Fourth, power system 
operators have come to look upon the reactive com- 
ponent as a quantity to be dispatched more or less 
independently of the true power. About it has 
grown a technique which should be correlated with 
the academic analysis; one practice in this respect 
is presented by J. A. Johnson in his paper, ‘Operating 
Aspects of Reactive Power.” Fifth, the meter 
technician has a point of view on this matter because 
in the final analysis it is ‘his task’ to meter reactive 
component in conformity with the standards and 
conventions. W. H. Pratt expresses this point of 
view in his paper, “Notes on the Measurement of 
Reactive Volt-Amperes.”’ 

More or less distinct from the foregoing is a call 
to establish a conventional procedure in representing 
the reactive component in power triangles: Prac- 
tice is about evenly divided. Some engineers and 
writers habitually or advisedly draw lagging reactive 
component vertically upward and some draw it 
downward from the right-hand end of the kilowatt 
base. A leading component is of course given the 
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reverse direction by the 2 schools of thought and 
practice. Misinterpretation is manifestly possible 
under such divergent practice where the author 
assumes that the reader belongs to his own camp 
and therefore fails to label his diagrams specifically. 

This confusion was referred to the subcommittee 
by the standards committee so that the United States 
national committee of the International Electro- 
technical Commission may be enabled to recom- 
mend through Prof. A. E. Kennelly to the committee 
on electromagnetic and magnetic units, the con- 
ventional treatment preferred by the A.I.E.E. 
A ballot mailed to 75 actively interested members of 
the Institute brought response from 50 but there was 
not a strong preponderance for either standard. 
The most comprehensive reply was submitted by 
Dr. F. B. Silsbee, a member of the subcommittee. 
He advocates standardizing inductive kilovars as 
positive and capacitive kilovars as negative in power 
triangles. 

With no intention of influencing any one who may 
wish to contribute his preference for the committee’s 
guidance but merely because it displays admirably 
the factors upon which a decision could be based on 
analytical grounds as contrasted with the habitual, 
the presentation of Dr. Silsbee is incorporated here- 
with. The committee will welcome letters from 
Institute members who read this and, because of it 
or in spite of it, hope to see a particular geometrical 
direction assigned to reactive power of the inductive 
and capacitive forms when represented with power 
and volt-amperes in power triangles. Dr. Silsbee’s 
presentation follows: 


ALTERNATIVE PROCESSES FOR DEFINING 
THE SIGN OF REACTIVE VOLT-AMPERES 


The following general principles may be set up as governing the 
adoption of scientific conventions as to the signs of electrical quan- 
tities: 


KNOWLTON 


Transactions A.I.E.E. 


1. Positive real quantities are drawn to the right, and positive 
imaginary quantities are drawn upward. 


2. A resultant effect is the (complex) sum Of itscomponents. Thus 
if ¢ is a resultant of a and 7b, we write c = a + jb and draw b 
upward. 


3. By the rules of complex algebra d, the reciprocal of ¢ is given by 
Siac ater a a JOE 

c @+jb a? +b? a? + 6? 

4. The unnecessary introduction of negatives in fundamental 
definitions is to be avoided. 

Of the foregoing statements, 1, 2, and 3 are part of our funda- 
mental mathematical notation and are now so universally accepted 
as to stand unchallenged. Statement 4 is a more philosophical 
point but of generally recognized weight. 

Confining our attention to sinusoidal current J and voltage E we 
have 


Bye ise 


P/I?, P being the real power. 
6. X =oLl — — 
7 Z= R+ 9X. 
E ; X 
8. The phase angle of the impedance is @¢, = tan—1! R 
The sign of X is the result of a purely arbitrary choice, made so 
long ago that there seems little need, or hope, of changing it. Eq 7 
indicates that impedance is the resultant of resistance and reactance 


in the sense of principle 2. 
We also have the definition 


1 
Gh 34S Z 
which by principle 3 leads to 
R jx 
and as an abbreviation we define the conductance 
R 
ab Fs G = Z 


‘All of the relations to this point follow from the arbitrary prin- 
ciple 6, with no violation of any of the first 4 principles. In the 
definitions of susceptance, B, however, 2 alternatives present them- 
selves. One of these, which is that generally used (certainly in 
the United States) will be designated in Table I as I; while the 
opposite, which will be designated by II, has been urged by some. 
The inherent difficulty from the minus sign in 3 is met in a different 
fashion in the 2 conventions and neither is all that could be desired. 

Of the alternatives in Table I it will be seen that IBa is the only. 


Table I—Allternative Conventions 


[* 


X 
12 B= + Ze 
Thus satisfying 4 
Whence 
13. Y = G-—jB 
violating 2; or stating that Y is no! 
the resultant of G and B. 
The phase angle of admittance is 


II* 


X 
B eres ioe 


violating 4 
Whence 


13. ¥ = G+ 78 
thus satisfying 2 


The phase angle of admittance is 


iF +B 
14. @y = ao! = —67 14. Oy = tan? = —0Z 
IA IB WA IIB 
15. Q = —I?X Q = +1°X Q = —I?X Q = +12X 
16. = —E°B = +22B = +E2B = -EXB 
17, = +EI sin dy = +E£I sin 07 = +EI sin 6y = +EI sin 6z 
IAa TAb IBa IBb IIAa ITAb IIBa IIBb 
18. V=P+30 v= P-j@Q V=P+30 V=P-jQ V =P—jQ V = P —jQ V=P+j0 V =P-jQ 
For a circuit in which inductance predominates Q will be drawn 
19. down up up down down up up down 
*For either of these conventions, the reactive volt-amperes Q may conceivably be defined as either + or —, thus giving 4 alternatives, and (if a further violation 


of principle 2 is invoked) each of these 4 alternatives gives rise to 2 ways of drawing the power triangle; i.e., as V = P + jQ oras V = P — jQ. The re- 


sulting 8 procedures are here shown in tabular form. 
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one which does not involve at least one violation of principle 2 or 
4 in addition to the unavoidable violation at step 12 or 13 which 
occurs in all procedures. Alternatives ITA and IIB both suffer 
from the inconvenient change in form (though not in substance) 
according as Q is defined from X or from B. 

The drawing of the power vector parallel to the current vector 
Seeks in the inductive case) is attained in IAa, IBb, IlAa and 

In addition to the formal principles listed above consideration 
should also be given to the following facts: 


20. The almost universal use of constant voltage systems for the 
transmission and utilization of electric power makes the calculation 
of circuits by using their admittance, conductance, and susceptance 
the most logical and direct. 
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21. Habits of thought arising by the historical accident that series 
circuits were first studied theoretically make the average engineer 
more familiar with the quantities impedance, resistance, and re- 
actance. 


22. The use of reactive power as equivalent to 20(W.,—W.) 
where W,, and W, are the magnetic and electrostatic energies, has 
already come into considerable use in the literature. 


Discussion 


For discussion of this paper see page 779. 


Reactive and Fictitious Power 


BY V. G. SMITH* 
Associate, A.I.E.E. 


Synopsis.—In this paper the single-phase and polyphase definitions 
of reactive power are considered. The single-phase definition ts un- 
satisfactory when the current and voltage wave forms are complex. 
The polyphase definition is the better but requires the independent recog- 


HE conception of reactive power originated 

in the single-phase sinusoidal problem. In 

attempting to extend the idea to complex waves 

and multiple phases, certain difficulties arise which 
are well worth investigation. 


SINGLE-PHASE 


In the A.I.E.E. rules there are 2 definitions of 
reactive power, + ~/F2J? — P? for single-phase 
and ZE#,J, sin 0, for polyphase circuits, the summa- 
tion extending over all harmonics and all phases. 
Applied to single-phase cases they cannot be recon- 
ciled except for sine waves or a load of pure resistance 
or its equivalent. 

It may be shown! (for references see list at end of 
paper) that 


E?J? — P? = {TEI sin On}? + [Z{ Bl, — 
NPD Sed l cos (Om ee’ On) + Fea) |= 2, ae yee, (1) 


where P, is the reactive power by the polyphase 
definition and P, is the square root of the fourth 
term. This fourth term will vanish if the circuit 
presents the same impedance to all harmonics, 
126. at 


Om = 6, and Em/Im = En/In (2) 


This quantity is due therefore to the distorting effect 
of the circuit and P, may be called the ‘‘distortion”’ 
power. (In the Roumanian Questionnaire? it is 
called the “‘deforming’”’ power but the word ‘“‘dis- 
tortion” is already well established in communication 
literature.) The relations between these quantities 
are shown in Fig. 1. 


ALGEBRAIC SIGNS 


The idea of an algebraic sign is natural for sine 
waves and it is best to define leading reactive power 
as positive. Now the quantity += VJ? — P? 
may exist when there is no lead or lag but merely 
distortion.* In such cases which sign shall be used? 
On the other hand the quantity 2ZE,J, sin 0, 
has a definite algebraic sign depending upon the 
sinusoidal definition. Budeanu has called P, = 
V EJ? — Pp? the fictitious power. Apparently P, 


*Assistant Professor of Electrical Engineering, University of 
Toronto, Ontario, Can. 

Presented at the North Eastern District Meeting of the A.I.E.E., 
Schenectady, N. Y., May 10-12, 1933. 


nition of the effects of distortion and, in the case of four or more wires, 
mesh distribution. The geometric difference between the apparent 
power and the power may be called the fictitious power to distinguish 
it from the reactive power which is only part of the fictitious power. 


and P, may be taken as positive, no significance 
being attached to a negative sign. 

The case of a sinusoidal voltage applied to a 
cyclically variable resistance is often quoted to show 
that F272 — P? may exist when there is no 
electromagnetic energy storage, but it should be 
pointed out that P, = ZEH,J, sin 0, may also exist 
under the same conditions if the resistance cycle is 
unsymmetrical with respect to the voltage maximum. 
This would occur where there was heat storage. 
The reactive power P, therefore is, in the most ’ 
general case, an abstract mathematical quantity. 
[1] (When an opinion is expressed concerning 
one of the questions in the Roumanian Questionnaire 
the number of the question is given in square 
brackets.) 

In spite of the fact that distortion and electro- 
magnetic energy storage are inextricably mixed in 
the most general case, P, = ZE,J, sin 0, is the 
best definition of reactive power yet proposed. It 
forms a symmetrical pair with P = ZE,I, cos 9,, 
reduces correctly to the sinusoidal form in all cases, 
and determines the algebraic sign. Thus the re- 
active power of a neon sign with a resistor ballast 
is zero but the distortion power is not. As the 
phenomenon is really distortion it is surely better so 
to describe it. [9] 


POLYPHASE CIRCUITS 


The reactive power P, = ZE,J, sin @,, has an 
immediate meaning in a polyphase circuit. The 
order of summation, over phases or harmonics, and 
the point to which the potential differences are 


Pr AXIS 


Ry AXIS 


Fic. 1—Vector RBLATION BETWEEN POWER, REACTIVE POWER, 
Fictitious Power, D1sTORTION POWER, AND COMBINED POWER IN A 
SINGLE-PHASE CIRCUIT 


measured, are immaterial. However, it does not 
give complete information about the system. 
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Fortescue*. has suggested a definition based on 
symmetrical components but*'it is limited to sine 
waves and is too special to serve as a general defi- 
nition. The fictitious power in polyphase circuits 
may be defined as P, = +»/P?2,, — P?, where P,, 
is the apparent power. The only satisfactory defi- 
nition of the apparent power is that of Lyon® and 
Liénard.? It is the maximum power obtainable 
when the phases and wave forms of the currents and 
voltages are varied in every possible manner con- 
sistent with Kirchhoff’s laws, the effective values 
remaining constant. 


POLYPHASE CIRCUITS WITH SINE WAVES 


The reactive power P, = ZE,]I, sin 6,, is the 
natural definition with sine waves and is the one 
always used. It makes P, the algebraic sum of the 
reactive powers of the load elements. Fictitious 
power can occur even with sine waves if the circuit 
is of 4 or more wires. This includes the case of the 
3-phase 4-wire circuit. 


20V2 10V2. 
sla 
100 VOLT: OHMS youn OHMS 
Pha ab? \ x 
=I S39 
os? ae ENG 
za ro) Oc? 9 
sso 8s 8 
100 VOLTS 
(a) (b) (¢c) (4) (e) 


Fic. 2—AN EXAMPLE OF FICTITIOUS POWER IN A TWwoO-PHASE 
Four-WIrRE MEsuH Circuit 


It is shown in Appendix I that the stationary 
values of the power occur when each line current is 
in phase with or in opposition ‘to the voltage from 
the corresponding line to some common point. Among 
these stationary values is the greatest power, P,,. 

The simplest type of load to meet these require- 
ments is a star of positive and negative resistances 
with the neutral point as the common point in 
question. If it is possible to secure the given root 
mean square line currents by means of a star of all 
positive resistances, that star is unique and takes the 
greatest possible power, P,,. Sometimes, however, 
it is necessary to introduce 1 or 2 negative resistances. 

A mesh of pure resistances will not in general be 
such as to cause the line currents to be in phase with 
or opposed to the voltages to some common point. 
Consequently the power is less than P,, and 
fictitious power, 


Ppa WV Pai—P* : (3) 


exists. .It is not due to energy storage or distortion 
but to the distribution of the elements of the mesh 
and may be called the ‘‘fictitious mesh power.” 
Meshes which are equivalent to some pure resist- 
ance star will not show fictitious power. Other 
meshes may show fictitious power on one voltage 
system and not on another. 

A simple example in a.2-phase 4-wire circuit ‘is 
shown in Fig. 2. Let (a) be the actual load and (0) 
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the star which takes the same line currents. Both 
take 10 amp per line but in (a) the power is only 
2 kw while in (6) it is 2\/2kw. The fictitious 
mesh power of (a) is ./(2 4/9)? — 2? = 2 kw. 
Circuit (c) is the mesh equivalent to (6) while (d) 
and (e) take the same power as (0) on the balanced 
voltages but would not in general take the same 
power. 

In the case of 3 wires the mesh is a delta which 
may be reduced to a wye. A pure resistance delta 
can show no fictitious mesh power. In fact, it may 
be shown that the power is a maximum when the 
total reactive power is zero whether the load is a 
pure resistance or not and that the 3 line currents 
are then in phase with the voltages to a common 
point. The maximum power P,, is VP? + P2 
for 3 wires, sine waves, and there is no such thing as 
fictitious mesh power in this case. 


POLYPHASE CIRCUITS WITH COMPLEX WAVES 


It is shown in Appendix II that the resistance star is 
the type of load which absorbs the greatest power 
when the- wave forms are complex. In some cases 1 
or 2 negative resistances may be necessary. All that 
has been-said concerning meshes and fictitious mesh 
power in the sinusoidal case applies equally well 
here. The 3-wire case is again special and will not 
show fictitious mesh power. When the mesh is not 
formed of pure resistances the distortion and mesh 
parts of the fictitious power are inextricably com- 
bined. 


MEASUREMENTS 


The measurement of »/ E2J? — P? directly would 
be very difficult but each quantity in it may be 
measured with considerable accuracy. . The measure- 
ment of 2E#,J, sin 6, is theoretically possible by 
means of a series of perfect filters, provided the 
frequency were absolutely constant. In practice, 
the voltages are usually nearly enough sinusoidal 
and balanced that the method of applying a quadra- 
ture voltage to a wattmeter is sufficiently accurate. 
If the voltages are sinusoidal and balanced the wave 
forms and unbalance of the currents do not matter 
provided proper methods are used. No _ direct 
method of measuring the apparent power or the 
fictitious power in a polyphase network is known. 
The currents, voltages, and power may be measured 


ay 
Pr 


Pp 


Fic. 3—RIGHT-ANGLED TRIANGLE CoNnNECTING P P, AND P.. 
IN THE PROPOSED DEFINITION P. WouLD Not Eguat VJ AND THE 
ANGLE ge WOULD HAVE No MEANING APART’ FRoM THE TRIANGLE 


ntl in some cases the apparent and fictitious powers 
calculated from them. 
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CONCLUSIONS AND SUGGESTIONS 


The existing definition of reactive power in a 
single-phase circuit, + +/ #27? — P%, leads to an 
unsatisfactory situation when the waves are com- 
plex. Any attempt to extend it in the form 


+ \/P?, — P? to polyphase circuits leads to 
the conclusion that a pure resistance mesh must be 
considered to cause reactive power. This rules 
out the wattmeter method of measurement and 
provides no other in its place, a procedure to which 
metermen would strenuously object. Of course 
this is due to the Lyon-Liénard definition of apparent 
power, but what other definition is possible? 

In spite of the difficulties of measurement the 
definition P, = ZYE,J, sin 6, is much the better 
even for single-phase circuits. Distortion power and 
fictitious mesh power increase the losses the same 
as reactive power. If the polyphase definition is 
to be used it is necessary to recognize the effects 
of distortion and, in the 4-wire circuit, mesh dis- 
tribution. [8.] 

It is perhaps well to point out that the adoption 
of this definition will not increase the difficulties of 
measurement. Distortion and fictitious mesh power 
are there now but are neglected by the measuring 
apparatus; the new definitions merely would call 
attention to their existence. 

The following definitions are suggested: 


DEaln sin On siais all conditions. 
(14. 


2. The apparent power P,, is the maximum possible power with 
the given effective voltages and currents. In the case of a single 
phase this is EJ. [10.] 


3. The fictitious power is Py = W/P%, — P?. [15.] 
4. The combined power is P, = WP? + P2,. 
5. The power factor is P/~/P? + P2, = P/P,. 


6. The reactive factor is P,/P. This term has another meaning 
at present but is not much used.* [14.] 


7. The distortion power in a single-phase circuit is 

Py = VP — P? = 

V2 {E*nl*, — 2EmEnlmln COS Om — On) + E*al?m}. 

8. The distortion factor in a single-phase circuit is P2/P. 


1. Reactive power P, = 
This is the present polyphase definition. 


It does not seem necessary to define fictitious 
mesh power as it is included in definition 3 of, ficti- 
tious power. 


ROUMANIAN QUESTIONNAIRE 


Comments on some of the questions of the Rou- 
manian Questionnaire? follow. 


{2}. The form VI sin g would have to be dropped entirely. A 
right-angled triangle would still exist connecting P, P, and P,, 
as in Fig. 3 but the angle ¢ would have no meaning apart from the 
triangle. The power factor would be cos ¢ and the reactive factor 
(new) tany. [11]. The forms P = P,cos¢ and P, = P, sihy 
exist but P, is not VI. 


[8]. It seems clear that the general case is too complicated to be 
described completely by the single term ‘“‘reactive power.” Dis- 
tortion and fictitious mesh power are very difficult to determine and 
it would be advisable to separate reactive power from them for that 
reason. In addition there is the advantage of retaining an algebraic 
sign. 
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(12, 13]. By adopting an algebraic definition of reactive power 
all need for such terms as “inductive power’ and “capacitance power” 
disappear. The former is negative and the latter positive reactive 
power. 


Appendix I 
SINE WAVES 


The following discussion is limited to 4 wires 
though it could just as well apply to ” wires. The 
vector notation A-B = AB cos 6, where A and B are 
the tensors of A and B and 6 the angle between them, 
is used. 

The total power in a 4-wire circuit may be measured 
by regarding it as 4 single phases with voltages to any 
common point. That is 


P= DE,, - I, > DAY OME & (4) 


where o and # are any points, p being thought of as a 
variable. 

Given the effective voltages and line currents, the 
maximum possible power is required. The voltage 
system is completely fixed. The variables are the 
phases of the currents relative to the voltages and 
subject to the condition )/J = 0 

When the currents vary 


éP = YE, - ol, (5) 


To make the power a maximum this must be zero for 
all consistent sets of current increments. As in Fig. 4 
it is possible to vary any 3 currents and leave the 


Ig 
Fi ls 


Fic. 5—ToOPOGRAPHICAL DIAGRAM 


4—VaRI- 
ATION OF LINE 
CURRENTS 


Fic. 


other fixed. Also, since the current magnitudes are 
given the increments must be at right angles to the 
currents, i. e. 


1 3f = 0 (6) 


Now suppose all the voltages are plotted topo- 
graphically as in Fig. 5, and that all the currents are 
plotted from their respective wire positions as shown. 
Let the currents in the lines 1, 2, and r vary (r = 3 
or 4), the other being constant, then 


bP = hh: 6h + k,- bh + E,,: ol, (7) 


Now let the point p be chosen at the intersection 
of the vectors I; and I, produced. Then 6J, is at 
right angles to KE, and hence 


E,, bh = 0 (8) 
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Similarly 

E,, - 61, = 0 (9) 
Therefore to make 6P = 0 it follows that 

E,,- oI, = 0 (10) 


or since [-5J, = 0, the vector J, also points directly 
toward or away from the point p. 

For a stationary value of the power therefore all 
currents must be in phase with or opposed to the 
voltages to some common point. The point must 
be chosen so that oJ = 0. 


Appendix IT 


COMPLEX WAVES 


The problem is to determine the conditions for 
maximum power when the waves are complex, given 
only the effective currents and voltages. For the 
present suppose that not only are the effective volt- 
ages given but also their harmonic components so 
that the voltage system is completely specified. The 
line currents may be resolved into harmonic systems 
quite arbitrarily provided that the vector sum of each 
harmonic in the 4 lines is zero and that the effective 
current in each line is as given. 

Now suppose that by means of perfect filters each 
harmonic current system has its own load. Let each 
of those loads be the star load which gives the 
greatest power for that harmonic. For any chosen 
current system this method of loading gives the 
greatest possible power. It remains to find which 
of the arbitrary current systems is the best. 

Let there be 4 wires and let [,, be the s” harmonic 
of current in the m” line and let E,,, be the s” har- 
monic of voltage from the m" line to the neutral of 
the s” harmonic load, then 


Sy ee aI, (11) 
Also 

8 0 (12) 
by Kirchhoff’s first law, and 

LY Aas Py (13) 


where I,, is the effective current in the m” line. 

When the current system is varied the star loads 
vary and hence also the voltages to the neutrals. 
Then, 


seats: D (E.. 5) bMS oh LG OO (14) 


s=1 m= 
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© 4 4 
= do Ene 7 A bE. Y) Luu) (15) 
since 6E,,, is common to all 4 lines. By eq 12 the 
second term of eq 15 is zero, hence 
foe) 4 © 4 
é6P = xu Ene x ry ae 3 =i! 2a Tne 1 § 6. (16) 
1 oo 4 
= 9 ey, Dore iY pi (17) 
s=1m=1 


where 7,,, is the resistance of that element of the s” 
harmonic load which is connected to the m” wire. 
Differentiating eq 13 


eye 
s=1 


Now it is possible to change the amplitude of any 
2 harmonics in the same wire leaving all others 
constant. The phases of the corresponding har- 
monics in other wires must be changed but their 
amplitudes need not. Let only the s”® and 2” 
harmonics of current in the m” wire be given incre- 
ments, then 


26P = 0 = 7.2 61? +r, bl 2 (19) 
WAY Pate aay.) bt (20) 


since if P is to be a maximum 6P must be zero for all 
possible variations. 
From these 2 equations it is seen that 


(18) 


r (21) 
or that all the harmonic loads are equal for a maxi- 
mum power. The filters are therefore unnecessary 
and a single star load absorbs the greatest power. 

It may be shown that the power to such a star 
load depends only upon the resistances and the 
effective voltages and hence the assumption of given 
voltage wave forms was immaterial. Also given the 
effective voltages and line currents the star resist- 
ances are independent of the actual voltage wave 
forms. 


ms = Tint 
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Operating Aspects of Reactive Power 


BY J. ALLEN JOHNSON* 
Fellow, A.I:E.E. 


Synopsis.—This paper is written to present the point of view of 
the practical operating engineer to whom “‘reactive power’ 1s something 
that he has to generate and deliver to his customers much as he does 
ordinary or real power. It happens that this kind of reactive power 1s 
the kind which causes the current to lag behind the voltage when it 
happens to be flowing in the same direction in the circuit as the “active” 
power. However, when it happens to be flowing in the direction op- 
posite to that of the active power (which, in a transmission system 1s 
just about as likely to happen), it makes the total current in the circust 
appear to lead the voltage and deceives the technician who observes this phe- 
nomenon into thinking that a different kind of reactive power (viz., lead- 
ing reactive power) is flowing in the same direction as the active power. 

The paper presents an interpretation of such observations in terms of 
the one kind of reactive power with which the practical operation and 


paper is a part is ‘reactive power.” This 

term is somewhat unfamiliar to many engineers, 
and some might even strongly deny the existence of 
reactive ‘‘power.’’ The conception of reactive cur- 
rent as ‘“‘wattless’’ is so deeply ingrained that the 
term “‘reactive power’’ will doubtless meet with re- 
luctant acceptance. In one sense this conception of 
“‘wattlessness’”” is true, but in another, and the 
author believes, equally valid sense, it seems to him 
not to be true. The author therefore proposes to 
accept the title at its face value, and as an engineer 
in the operating field, present a point of view in which 
reactive power is conceived of as a kind of power 
different and distinct from power in its ordinary 
meaning (which hereinafter will be called ‘‘active”’ 
power) but with which the operator nevertheless has 
to deal in much the same manner. 


ike subject of the symposium of which this 


Two Views OF REACTIVE POWER 


There are two points of view from which the subject 
of reactive power may be regarded. The first of 
these may be called the academic, mathematical, 
or technical point of view, and the second the prac- 
tical, engineering, or operating point of view. Let 
us first clearly distinguish between these two points 
of view which we will call briefly the ‘‘academic’”’ 
and the “practical.” 


CHARACTERISTICS OF ACADEMIC VIEW 


The academic point of view results from considera- 
tion of what is going on at a certain point in a circuit. 
Instruments are inserted and measurements made of 
current, potential, and power. From these it is 
often found that the measured watts are less than 
the product of the measured amperes and the meas- 
ured volts by a certain factor, which we call the 
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control of power systems has to deal and points out the parallelism be- 
tween active and reactive power in their operating aspecis. 

It also presents an unorthodox metering technique for keeping track 
of the flow of reactive power in a complicated power transmission net- 
work which greatly clarifies and simplifies the problem of dispatching 
reactive power in such a system; such dispatching being necessary to 
obtain maximum transmission system capacity and efficiency as well 
as for system voltage control. 

No pretense is made of presenting any newly discovered truths. 
Rather the attempt is to present a new way of looking at old truths. 
The point of view is believed to be somewhat novel and may do mild 
violence to some orthodox conventions. This violence, however, is be- 
lieved to be justified by the resulting clarification in the operating 
aspects of reactive power. 


“power factor.’”’ From these relationships and 
familiar known laws, we can determine the in-phase 
and quadrature components of the flow (and their 
phase relationship) which in this view we think of as 
inseparable and more or less imaginary components 
of the “total kilovolt-amperes’ in the circuit. 
While this technique does inform us fairly well as 
to what is occurring at the point of measurement, 
it does not lend itself at all’ well to the visualization 
of what is happening in the system as a whole nor to 
a practical technique of system control. It does not 
give us the picture of two independent things going on 
in the circuit at the same time. 

In representing these quantities and relationships 
on paper the technician uses a device which he calls 
a “‘vector diagram.” In such diagrams, counter- 
clockwise. vector rotation is usually considered 
standard, and right hand and upward vectors, 
positive. The ‘“‘academic’’ viewpoint seems to have 
its origin in these conventions, as does also the 
question as to the “‘sign”’ of reactive power. 


CHARACTERISTICS OF PRACTICAL VIEW 


The “practical” point of view results from a con- 
sideration of what is going on, not at one point in a 
circuit but throughout the entire electrical power 
system. The operating engineer is faced with the 
problem of controlling the operation of his system 
and hence is interested In tracing the two kinds of 
power flow found at any one point back, on the one 
hand, to their sources and forward, on the other hand, 
to their destinations, in order to discover how he 
can control their sources in and courses through the 
system. What does he find? 

He finds that the active power (neglecting losses 
for the moment) originates in a prime mover, passes 
thence through a mechanical connection of some sort 
into a “‘generator’’ where it is converted into elec- 
trical power. After traversing the system this 
power arrives (let us say) at induction motors where 
it is converted back to mechanical power and passes 
on to the driven machines. Or it may be converted 
directly into heat and leave the electrical system in 
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that form. In any case it flows, like a stream, into 
the electrical system at one end and out at the other. 

He finds that the demand for reactive power 
originates for the most part in the excitation require- 
ments of induction motors and other devices using 
iron magnetic circuits which draw their excitation, 
in the form of lagging reactive current, from the same 
circuits through which the active power is flowing. 
Following this reactive power back through the 
system he finds that it has its origin in the field cir- 
cuits of the generators. He knows this must be so 
because he finds he can control the amount of re- 
active power supplied by any particular generator 
by varying its field current. This reactive power 
therefore apparently originates within the electro- 
magnetic system and never leaves it, but reacts 
back and forth between the generators and the 
motors. Hence its name “reactive power” and its 
logical symbol rkw used hereinafter. [Epiror’s 
Note: The author’s symbol rkw (and the corre- 
sponding term reactive kilowatt) is used advisedly 
in this paper, rather than the standard editorial 
style rkva, or the symbol kvar adopted by the 
ee Electrotechnical Commission, July 9, 
1930. 

He further finds that the flow of the active power 
through his system produces comparatively little 
drop in potential, whereas the flow of reactive power 
is much more serious in this respect; also that if 
the reactive power is generated in the same genera- 
tors through which active power is supplied, and flows 
through the same circuits, it requires increased cur- 
rent capacity of generators, transformers, and lines, 
increases J?R losses in all current carrying parts of 
the system, and limits the active power capacity of 
the transmission circuits. He finds, however, that 
active and reactive power do not add together in 
these circuits algebraically but geometrically in 
quadrature. 

Since reactive power originates in generators and 
not in prime movers, the generation of reactive power 
is not subject to the same limitations as to geo- 
graphical location as is that of active power, but can 
_ be generated anywhere desired. Therefore, in order 
to minimize its undesirable effects on the major 
parts of the system, reactive power generators 
(commonly called synchronous condensers) are fre- 
quently installed at receiving or distributing sub- 
stations near the load where the reactive power is 
required. In many cases generators used to supply 
active power during one set of conditions may be 
used to supply reactive power during other condi- 
tions. 

Since the active and reactive power do not add 
algebraically but combine in quadrature relation it 
is obviously more economical, other things being 
equal, to generate both in the same machine. Where 
both can be generated near the point of use, this 
usually proves to be the case, but where the active 
power must be transmitted long distances, it often 
proves more economical to generate the reactive 
power in separate machines near the load, even at 
the expense of increased total machine capacity. 
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This practice also provides a means of regulating 
voltage at the receiving end of the lines. 

As the two kinds of power—active and reactive— 
flow through the system, losses of both kinds occur 
due to the resistance, reactance, and capacitance of 
the circuits. The losses of active power, due to the 
resistance, are all positive with respect to the active 
power transmitted and result in less active power 
being received at the load than left the prime movers. 
The losses of reactive power, however, with respect 
to the reactive power transmitted, may be either 
positive or negative or both, positive losses being 
due to reactance and negative losses to condensance. 
It follows that the amount of reactive power de- 
livered to the load may be either more or less than 
the amount generated. 

Let us now inquire what are the conditions and 
problems confronting the power system operator in 
controlling his system. Briefly they are as follows: 


1. A demand for active power by the customers of the system, 
and over which he has little or no control. 


2. Sources of supply of active power in the form of steam and 
hydroelectric generating units, perhaps widely scattered, and over 
which he has control. 


38. A demand for reactive power, principally for exciting the motors 
of the customers, and over which he has little or no control. 


4. Various possible sources of reactive power including all of the 
synchronous generators, condensers, and motors on the system, 
and over most of which he has control. 


5. The demands must be supplied from the various available sources 
in the most economical manner possible at all times. 


6. Voltage must be maintained within certain limits at all stations 
on the system. 


Various other conditions must usually be met but 
these are the ones with which reactive power is 
mostly concerned. 

In order to operate his system efficiently, and 
properly control its voltage, the power system opera- 
tor or load dispatcher must be able to control not 
only the sources, magnitudes, and directions of the 
active power flow but also the sources, magnitudes, 
and directions of the reactive power flow. The 
magnitude and direction of the active power flow 
are in practice controlled by adjusting the input to 
the proper prime movers. The magnitude and 
direction of the reactive power flow are similarly 
controlled by adjusting the field currents of the 
proper generators. To increase the amount of 
active power supplied by a prime mover the operator 
increases its power input by increasing its gate or 
throttle opening. Similarly, to increase the re- 
active power supplied by a generator or synchronous 
condenser operating in parallel with other syn- 
chronous machines, he increases its field excitation 
by adjusting its exciter or field rheostat. The two 
processes are analogous and parallel, but independent 
of each other. 


MEASURING INSTRUMENTS 


The above are the processes by which the inde- 
pendent control of active and reactive power are 
effected. To know how to apply these controls, 
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however, it is necessary to measure the magnitudes 
of the active and reactive power and for this purpose 
suitable instruments are necessary. The old tech- 
nique of using wattmeters and power-factor meters 
was based upon the ‘“‘academic’”’ viewpoint, in which 
the total flow in the circuit was treated as a unit. 
The “practical” viewpoint calls for separate instru- 
ments to read the active power and the reactive 
power. Standard wattmeters will serve both pur- 
poses when suitably connected to the circuit. In 
circuits in which active power can flow in only one 
direction, left-hand zero instruments can be used 
for the active power. Where active power may 
flow in either direction, however, center zero instru- 
ments are commonly used. Since reactive power 
can flow in either direction in practically all circuits, 
center zero instruments are desirable to measure 
reactive power in practically all cases. 

In the ‘‘academic’’ view, the sense or direction 
of the reactive power is defined by reference to that 
of the active power by saying that it “leads” or 
“lags’’ according as the current vector leads or lags 
the potential vector. In a circuit in which active 
power can flow in only one direction, such as a genera- 
tor or a radial distribution circuit, this convention 
leads to little or no confusion. This, however, is 
not the case in a complicated power network, with 
widely distributed sources of active and reactive 
power, and with widely distributed loads, wherein 
almost any circuit may be called upon to transmit 
active and reactive power independently in either 
direction. In such a system, the sources and desti- 
nations of reactive power are visualized in the mind 
of the operator just as definitely as are the sources 
and destinations of the active power, and it conse- 
quently becomes much more natural and logical for 
him to relate the sense or direction of flow of the 
reactive power to the circuit in which it is flowing 
just as he does in the case of the active power rather 
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Fic. 1—Four Ways OF DEFINING THE FLOW oF REACTIVE POWER 
IN A CIRCUIT 


than to relate it vectorially to the flow of the active 
power as in the conventional ‘“‘academic’”’ point of 
view. Thus, in this ‘practical’ point of view the 
flows of active and of reactive power become entirely 
divorced from each other, the direction of flow of 
each being independently related to the circuit 
instead of one to the other. 

The conventional system of marking power fac- 
tor and reactive power meters in terms of “‘lead’’ 
and “‘lag’”’ thus, in a large power system, intro- 
duces difficulties in properly reading and interpreting 
the readings of these instruments. In a two-way 
circuit, owing to the reversible flow of active power, 
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the interpretation of the readings is very confusing 
as it is impossible to tell, from the readings of the 
instruments marked in this way, the direction of the 
reactive power flow unless one knows how the instru- 
ments are connected. 

Accepting the “practical” convention that re- 
active power flow is to be defined independently 
of the active power flow and in relation to the cir- 
cuits in the same way as the active power flow is 
defined, it becomes necessary to adopt a convention 
as to the kind of reactive power that we will talk 
about. It immediately appears that with this 
method of treatment it is no longer necessary to 
discuss both leading and lagging reactive power, 
since leading reactive power flowing in one direction 
in the circuit is identical with lagging reactive 


GATE OPENING GATE OPENING FLO. AMP 
KW 


(a) 


Fic. 2—Acapemic (a) AND PRACTICAL (b) METHODS OF METERING 
THE OUTPUT OF A GENERATING UNIT 

In the academic (conventional) method the field ammeter and reactive power 

meter pointers move in opposite directions when adjustments of field current are 


made. In the practical method this inconsistency is eliminated by reversing 
the connection of the “reactive kilowatt’? meter é 


power flowing in the other direction. Since, as above 
noted, in a normal electric power system the demand 
for lagging reactive power predominates over that 
for leading reactive power and furthermore since 
the demand for lagging reactive power has its origin 
in machines with the characteristics of which the 
operators are familiar and its source is in other ma- 
chines with the characteristics of which the operators 
are also familiar, and over which they have control; 
whereas a demand for leading reactive power is of 
much rarer occurrence and less familiar to operating 
men, it follows that the requirements of operation 
will be best served tf all reactive power flow 1s treated 
as lagging reactive power flowing in a certain direction 
an the circutt. 

This is not difficult to do and when it is done 
consistently it results in the removal of a number of 
difficulties in handling reactive power flow on a 
power system. If, in the circuit AB of Fig. 1 there 
are 10,000 rkw lagging flowing from A to B, we can 
represent the same condition by saying there are 
—10,000 rkw lagging flowing from B to A, or there 
are 10,000 rkw leading flowing from B to A, or there 
are —10,000 rkw leading flowing from A to B. 
So, a leading reactive kilowatt in a circuit can always 
be represented by a lagging reactive kilowatt in the 
opposite direction; and vice versa, a lagging reactive 
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kilowatt can always be represented by a leading 
reactive kilowatt in the opposite direction. There- 
fore, if we should decide to deal with only one kind 
of reactive power and further decide that that one 
kind shall be “lagging,” any reactive kilowatt which 
formerly was called “leading” will now be called 
“lagging,” with the direction of flow reversed. 
In Fig. 1 are shown the four different ways of repre- 
senting exactly the same condition. 


CONVENTIONS FOR OPERATION 


With the foregoing in mind, and with the aim to 
obtain a system which is simple and easy to under- 
stand and remember, the following conventions 
might be adopted by an operating power system. 


1. Reactive power will always be represented in terms of lagging 
reactive power and will be designated by the symbol rkw. 


2. On station log sheets and similar records all readings will be 
given as a flow between two points. The names of these two points 
will be written down in their proper order and connected by a dash 
or hyphen, such as: ‘Gen. No. 1-12-kv Bus” or ‘‘Lockport- 
Mortimer.” (In this system, transmission circuits are designated 
by the names of the terminal bus points.) The magnitudes of the 
kilowatt and reactive kilowatt readings will then be recorded and an 
arrow written just before (or after) each quantity. These arrows 
will point in the direction of flow as referred to the corresponding 
points. For example, since ‘‘Lockport’”’ is written to the left of 
“Mortimer” on the log sheet, if power flow is actually from Morti- 
mer to Lockport, the arrow preceding the kilowatt figure will point 
to the left on the log sheet. Similarly, if reactive power flow is 
actually from Lockport to Mortimer, the arrow preceding the 
reactive kilowatt figure will point to the right on the log sheet. 


3. In marking values of kilowatt and reactive kilowatt flow on dia- 
grams, as a matter of convenience, only one arrow need be used to 
represent the direction of simultaneous flow of kilowatts and reactive 
kilowatts in the same circuit. This arrow may point in the actual 
direction of kilowatt flow. The kilowatt and reactive kilowatt 
quantities will then be marked beside the arrow. The kilowatt 
flow will be represented by a positive (+) quantity. The reactive 
kilowatts will be represented by a positive (+) quantity if its flow 
is actually in the same direction as the kilowatt flow, and by a nega- 
tive (—) quantity if its flow is actually in the direction opposite to 
the kilowatt flow. 


APPLICATION OF THE CONVENTIONS—APPARATUS 


If a generator,.in parallel with other synchronous 
machines, is delivering active power only, an in- 
crease in field current will cause it to generate 
(lagging) reactive power, while a decrease in field 
current will cause it to consume (lagging) reactive 
power. 

For the station operator, it may be interesting and 
helpful to note here that, having standardized on 
lagging reactive power, and adopted corresponding 
instrument connections and labelling (see Fig. 2) 
increasing the gate opening and increasing the field 
current of a generating unit operating in parallel 
with other synchronous machines have similar effects, 
in that the former causes an increase in kilowatt 
output (kilowatt meter pointer moves to the right) 
and the latter causes an increase in reactive kilowatt 
output (reactive kilowatt meter pointer moves to the 
right). Furthermore, it will be noted that the field 


ammeter pointer and reactive kilowatt meter pointer 


will always move in the same direction, that is, when 
one is moving from left to right, the other will also 
be moving from left to right, and vice versa. This 
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consistency, uniformity, and simplicity are in strik- 
ing contrast to the illogical and confusing incon- 
sistency where the present “‘academic’’ standard 
marking and conventions are used, where lagging 
reactive output deflects the instrument pointer in 
the opposite direction from that of the field ammeter. 

A synchronous condenser being a reactive power 
generator, a similar explanation applies. If the 
condenser is running at unity power factor (simply 
drawing kilowatts to supply internal losses), an in- 
crease in field current will cause it to deliver (lagging) 
reactive power to the circuit, while a decrease in 
field current will cause it to draw (lagging) reactive 
power from the circuit. 

Unloaded transmission circuits have generally 
been said to be drawing leading reactive kilovolt- 
amperes but, according to the new conventions, we 
shall say they deliver (lagging) reactive power 
(rkw). 

An induction motor draws (or consumes) (lagging) 
reactive power (rkw) from the circuit. 

A static condenser delivers (lagging) reactive power 
(rkw) to the circuit. 


AW EKVA 


TRANSFORMER 


(b) 
Fic. 3—ACADEMIC (a) AND PRracticaL (b) MetHops or METERING 
REVERSIBLE CIRCUITS 


Interpretation of readings under academic method requires knowledge as to 
how reactive kilovolt-ampere meter is connected with reference to kilowatt 
meter, i. e., whether “‘lag’”’ and “‘lead’”’ apply to power flow from bus to trans- 
former or from transformer to bus, With the practical method this knowledge 
is not needed, all the information required being provided by the labelling of the 
meter scales 


REACTIVE POWER (RKvA) (RKW) METER 


In general practice, reactive kilovolt-amperes 
have been designated as being either “leading 
reactive kilovolt-amperes”’ or “lagging reactive kilo- 
volt-amperes.”” Each of these, as above stated, 
can flow in either of two directions. On the other 
hand, active power (or simply power) has always 
been designated as just plain “kilowatts.” In 
other words, in order to qualify a kilowatt meter 
reading completely, it has been necessary to state 
only magnitude and direction of flow, whereas, in 
the case of a reactive kilovolt-ampere meter reading, 
it has been necessary to state magnitude, kind 
(leading or lagging), and direction of flow. 

Since, in this standardization, all reactive power 
will be represented in terms of lagging reactive 
power, both active power and reactive power values 
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will be completely qualified by magnitude and direc- 
tion of flow. ‘‘Reactive kilovolt-ampere’’ meters 
will now become “lagging reactive kilowatt’ meters, 
and their readings will always be in lagging reactive 
kilowatts. 


RKW METER WitH Two-Way Kw METER 


In metering a piece of apparatus whose kilowatt 
flow is always in the same direction, no trouble 
should be experienced. Now, let us consider a piece 
of apparatus whose kilowatt flow may be in either 
direction. In Fig. 3 is a transformer.connecting a 
110-kv system with a 44-kv system. Assume the 
reactive kilovolt-ampere meter (conventional scale 
markings) is connected to indicate correctly for kilo- 
watt flow from bus to transformer. Under the 
conventional method shown in Fig. 3(a) the meters 
indicate that 10,000 kw and 10,000 leading rkva 
are flowing from the 44-kv bus into the 44-kv side 
of the transformer. If the reactive kilovolt-ampere 
meter read ‘10,000’ to the left of the zero point, 
the readings would be 10,000 kw and 10,000 lagging 


Fic. 4—AcapeEmic (a) AND PRACTICAL (b) USE oF Two-QUADRANT 
POWER-FACTOR METERS 


(a). 10,000 kw flowing from gen- (b). 
erator to bus: Leading reactive kilo- 
volt-amperes flowing from generator 
to bus. Ratio of kilowatts to total 
kilo-volt-amperes is 0.7 


10,000 kw flowing from gener- 
ator to bus. “Reactive kilowatts’ 
flowing from bus to _ generator. 
Ratio of kilowatts to  kilovolt- 
amperes is 0.7 


rkva flowing from the 44-kv bus into the 44-kv side 
of the transformer. 

In accordance with convention No. 1, previously 
stated, the markings on the reactive kilovolt- 
ampere meter will be changed to those shown in 
Fig. 3(5) the reactive kilovolt-ampere meter con- 
nections being reversed to produce this result. 
As before, the kilowatt meter indicates 10,000-kw 
flowing from bus to transformer. The reactive kilo- 
watt meter indicates 10,000 rkw flowing from trans- 
former to bus. 

It should be noted that, in Fig. 3(a@) correct 
reactive kilovolt-ampere meter readings can be 
obtained only when the reader knows how the 
reactive kilovolt-ampere meter is connected, i. e., 
for which direction of kilowatt flow the reactive 
kilovolt-ampere meter markings “lead” and “‘lag”’ 
apply. On the other hand, with the new reactive 
kilowatt meter markings shown in Fig. 3(b) the 
reader never has to worry about instrument con- 
nections. 


POWER-FACTOR METERS 


Power-factor meters where already installed may 
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be treated the same as reactive kilowatt meters, as is 
shown in the following paragraph. 

A power-factor meter really indicates direction of 
reactive kilowatt flow. In this standardization, the 
instrument will always be a “lagging power-factor 
meter.’’ In other words, it will always be used to 
indicate the direction of flow of (lagging) reactive 
power. At the same time, of course, its scale is so 
calibrated as to give the ratio of kilowatt to,kilovolt- 


FOR KW FLOW 70 TRANS 


FOR KW FLOW TO BUS 


Fic. 5—ACADEMIC (a) AND PRACTICAL (b) USE oF FouR-QUADRANT 
POWER-FACTOR METERS 

(a). 10,000 kw from transformer to (b). 10,000 kw from transformer 

bus. Leading reactive kilovolt-am- to bus. “Reactive kilowatts’? from 

peres from transformer to bus. Ratio bus to transformer. Ratio of kilo- 


of kilowatts to total kilovolt-amperes watts to kilovolt-amperes is 0.7 
is 0.7 


amperes, regardless of the relative directions of kilo- 
watt and reactive kilowatt flow. In Figs. 4 and 5 
are illustrations. To obtain consistent meter labelling 
requires reversal of the conventional connections of 
the power-factor meter in each case. 


Loc SHEETS AND DIAGRAMS 


To illustrate the application of the conventions 
to log sheets, let us see how the readings of Fig. 3(d) 
would be recorded. The readings are 10,000 kw 
flowing from 44-kv bus to transformer and 10,000 
rkw flowing from transformer to 44-kv bus. These 
readings would appear on the station log sheet as 
follows: 

Circuit Kw Rkw 
44-Kv Bus—Transformer No. 2 —~> 10,000 <— 10,000 


The instrument readings pictured in Fig. 5 would 
be entered in a log sheet as follows: 


Circuit Kw 
Bus—Transformer No. 12 <— 10,000 


ENE) 
—>0.7 


If the log entry for the condition pictured in Fig. 
3(b) was to be transferred to a system diagram it 
would be written as shown in Fig. 6. In this 


MORTIMER? GEES LOCK 
10,000 AW - 10,000LKW ' 
Of” 


10,000 — 10,000 


Fic. 6—APPLICATION OF PRACTICAL REACTIVE POWER TECHNIQUE 
TO DIAGRAMS 


method, having standardized on lagging reactive 
kilowatts, in diagrams lagging reactive kilowatts will 
be positive and leading reactive kilowatts (if ever 
referred to) will be negative. 


September 1933 
VOLTAGE CONTROL 

In a compact electrical system it is frequently 

possible to obtain satisfactory voltage control at 


substation busses by regulation of generator voltage. 
Generator voltage control will not, however, provide 


a aa ACTIVE POWER FLOW agic 


REACTIVE POWER FLOW 


GEN. LOAD 


SYN. 
COND, 


RESULTAN 7] 


Fic. 7—APPLICATION OF PRACTICAL REACTIVE POWER TECHNIQUE 
TO SYSTEM VOLTAGE CONTROL 


Voltage gradients due to flow of active and reactive power compensate for 
each other producing practically flat voltage level 


proper substation voltage regulation in an electrical 
system with long transmission lines. Additional 
facilities must be provided at some of the receiving 
substations to allow proper voltage control at these 
points. This voltage control is best provided in 
many cases by reactive power generators (synchro- 
nous condensers) at the receiving substations. In this 
application reactive power generators may be 
thought of as having two functions. One isthe supply 
of the reactive power to the local load. This re- 
lieves the transmission system and power generators 
of the burden of the reactive power. The other 
function is that of sending reactive power back over 
the transmission circuits in the opposite direction 
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for the purpose of voltage control. By this means a 
voltage gradient in one direction due to flow of active 
power may be compensated for by a gradient in the 
opposite direction due to flow of reactive power, 
thus making possible the maintenance of practically 
a flat voltage level over the whole system. 


CONSUMER METERING 


In consumer metering we are concerned only with 
what is taking place at a certain point in the circuit, 
namely, the point of delivery to the customer, and 
not at all with the questions of sources and control. 
For this purpose therefore the “‘academic’’ ap- 
proach and technique are applicable. Present prac- 
tices in metering customers which take large amounts 
of reactive power in proportion to their consumption 
of active power, may in some cases leave something 
to be desired, but it is doubtful if independent meter- 
ing of the active and reactive components of the 
customer’s load would be justified in many cases, 
since present rates doubtless are adjusted to an 
average situation from which only a few instances 
would widely depart. An inexpensive means of 
measuring kilovolt-amperes directly or measuring 
the arithmetic difference between the kilovolt- 
amperes and the kilowatts may ultimately prove 
useful in this field. 


CONCLUSION 


The “practical” conception of reactive power as 
herein outlined, in which the generation, metering, 
and control of active and reactive power are con- 
sciously divorced from each other, results in a 
simplified technique of power system operation 
which greatly facilitates the control of the 
system and the maintenance of maximum system 
efficiency. 


Discussion 


For discussion of this paper see page 779. 


Power, Reactive Volt-Amperes, Power Factor 


BY C. L. FORTESCUE* 
Fellow A.I.E.E. 


Synopsis.—The relation between power, reactive volt-amperes, and 
power factor is discussed for sinusoidal electromotive forces and currents. 
Reactive volt-amperes is defined as the flow of stored energy into the 
circuit and is deduced from the stored energy cycle. It is shown to be 
a cyclic flow of power which is 90 deg in advance of the cyclic part 
of the dissipation or power input cycle which with the stored energy 
cycles is positive at all instants. This leads to the vector equation 
Ef + EI derived for the equation of total inflow of energy given by 


di 
Ri? +- 7 (: 1) or (xe +L = i) for an inductive system or 


2 
Riz + 2 (; £) or (x + s) 4 for a capacitor system. 


Non-sinusoidal electromotive forces and currents are discussed and 
it 1s shown that there is no simple relation between the volt-amperes as 
obtained by volimeters and ammeters and power as obtained by watt- 
meters and reactive power. The inflow of stored energy for double 
frequency fundamental can be obtained but it appears to bear litle 
relation to the product of mean square volts and amperes and true 
average power. It ts concluded that the ratio of power to mean square 
volt-amperes is a useful practical factor with non-sinusoidal waves 


INTRODUCTION 


HE current ideas regarding the relations be- 
tween power, reactive volt-amperes, volt- 
amperes, and power factor were the outcome 
of an attempt to express the theory of electric cir- 
cuits subjected to non-sinusoidal electromotive 
forces in terms of an equivalent sine wave. The 
equivalent sine wave of a non-sinusoidal wave is a 
sine wave having the same mean square value as the 
non-sinusoidal wave. In the elementary theory of 
electric circuits it was assumed that non-sinusoidal 
electromotive forces impressed on a linear electric 
system could be replaced by their equivalent sine 
waves without causing substantial error in the result, 
which implied that the wave form of the currents 
set up in the system was the same as that of the im- 
pressed electromotive forces. Later on engineers 
came to realize that this specification for non-sinu- 
soidal waves was inadequate and another factor was 
introduced, namely, form factor which was defined 
as the ratio of maximum value of the actual wave to 
that of the equivalent sine wave. This factor did 
not help to any extent in defining the relations 
between volt-amperes, reactive volt-amperes, and 
power for non-sinusoidal waves, for the simple 
reason that these quantities are not definable by 
means of two factors. 


ELEMENTARY THEORY OF ENERGY FLOW RELATIONS 
IN LINEAR ELEcTRIC CIRCUITS 


A linear circuit, however complex, is defined as 


*Consulting Transmission Engineer, Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa. 

Presented at the North Eastern District Meeting of the A.I.E.E., 
Schenectady, N. Y., May 10-12, 1933. 
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encountered in practice but should not be used to define reactive volt- 
amperes. 

Polyphase power and reactive volt-amperes are defined. Ina balanced 
system power is continuous and the instantaneous reactive volt-amperes 
are zero. Nevertheless, a polyphase balanced system has a power 
factor which is the same as that of each phase. In an unbalanced system 
each symmetrical component has a power factor and in addition there is 
interchange of power between phases resulting from unbalance so that 
each phase has an individual power factor. Itis shown that the positive 
phase sequence power and reactive volt-amperes, if the generator supply- 
ing power is symmetrical, include both the negative and positive phase 
Sequence power and reactive volt-amperes; that is, the source of all 
power and stored energy is the positive sequence, and the positive phase 
sequence flow of energy gives the correct measure of the power factor of 
the system. 

Non-linear circuits are characterized by frequency conversion. 
If such are supplied from a sinusoidal generator, all the harmonic 
power and reactive volt-amperes must be supplied from the fundamental 
frequency which is the source of the whole power and reactive volt- 
ampere output. Therefore, the fundamental frequency power and 
reactive volt-amperes properly define the true power factor of the system. 


one in which an applied sinusoidal electromotive 
force will produce only sinusoidal currents. The 
characteristic of such a system or net is defined by 
the principle of superposition which for the present 
purpose may be stated as follows: If the connec- 
tions of a linear net remain unchanged during the 
introduction of any electromotive forces in the net 
either simultaneously or in any sequence whatever, 
the resulting currents are the same as if each electro- . 
motive force were applied to the network at rest 
individually at the proper instant and the resulting 
currents superposed. Thus each electromotive force 
acts upon the system as if it were independent of all 
the others. The fact that the system must remain 
unchanged during the introduction of these electro- 
motive forces has been emphasized for the reason 
that it is not always realized that the closing of a 
pair of terminals through a generator changes a net- 
work and, therefore, the principle of superposition 
no longer holds. In the case we are considering, 
however, it is supposed that certain electromotive 
forces are already established and they may be con- 
sidered as having been introduced simultaneously 
or separately without any change in the network. 
Commercial systems are never strictly linear, on 
account of the presence of iron in the circuits of 
electric machines, but the effect of such non-linear 
elements in the system in general may be ignored. 
There are cases, however, where they become of im- 
portance, such as, for example, cases of telephone 
interference. In such cases each harmonic must be 
considered independeritly with reference to its source. 

If we consider a linear system in which all the 
elements consist of resistance and self-inductance 
with a sinusoidal electromotive force impressed, the 
relations between volt-amperes, power, and reactive 
volt-amperes are expressed as follows where E and J 
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are the root mean square values of electromotive 
force and current 


Electromotive force = E cos wt 
Current = I cos (wt—a) 
Volt-amperes = EI (1) 
Power = EI cosa 
Reactive Volt-amperes = EI sin a 


We may represent the electromotive force .E cos 

wt by two equal vectors of length equal to one-half the 

mean square value, one rotating positively the other 

negatively, denoting the positively rotating vector 
E and the negatively rotating vector by £ 


3 t —jut 
eu JE Ecosut = 2tE _ Eee + Eerie see 


Vg, f V2 
Pee: Dee ade © Jeet —a) + Te~ Cet — a) 
t= i ed e) Cee Te era (2) 
eri of bi 4 Af 
ae 2 


In the vector representation of electromotive forces 
and currents the convention is to use the positively 
rotating vectors E and J. It will be observed that 
E and f enter into the expression for ec symmet- 
rically and therefore with equal authority. On 
the other hand in practical problems E is the known 
function of the independent variable ¢ while f is the 
dependent function, it would therefore seem con- 
sistent to define energy flow into the circuit by 


P+j0 = EI (3) 


This convention is seen also to be consistent with 
the d-c analogy; namely, since the impedance Z in 
an a-c system takes the place of resistance FR in 
a d-c system then 


Direct current Power 


arc 10) 


The above arguments, logical as they appear to 
the writer, may not be convincing to some. For 
such it will be necessary to deduce the equation of 
flow of energy into a circuit from the equation of 
energy. In a circuit having resistance and induc- 
tance in series the rate of dissipation of energy or 
' power is 


2 
so (3) 
= ZI 


low wl 
NE 
ll 


Alternating current 


Dissipation = Ri? 
The kinetic energy is 


=~ 1 rp 
T= 5 Li 
Therefore, the flow of energy is 
’ ie fetes: 
cle aay Aes ae : 
Ri +3 (5 Lit) or (4) 
: di\ . 
(Ri +15) i (5) 


Now a little consideration will convince any one 
familiar with dynamical systems that the instant at 
which the kinetic energy reaches a maximum must 


coincide with the instant of maximum dissipation of _ 


energy through friction, and the epoch of maximum 
rate of storage must necessarily take place prior to 
that of maximum storage and therefore prior to that 
of maximum rate of dissipation. In a non-conserva- 
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tive system constrained to move under a sinusoidal 
force the cycle of stored energy in the system coin- 
cides in phase with the cycle of energy rate of dissi- 
pation; the total kinetic energy is always positive. 
The rate at which energy is stored into the system or 
the work done by the force in producing motion 
against the inertia of the system is € Li?) The 
maximum inflow of stored energy therefore occurs 
when the stored energy is one-half its maximum and 
increasing, and therefore when the rate of dissipation 
is one-half its maximum value and increasing, and the 
maximum outflow of stored energy occurs at the 
same point of the stored energy cycle when it is 
decreasing, that is at the same point of the de- 
creasing dissipation cycle. The cycle of inflow of 
stored energy is therefore in phase advance of the 
cycle of dissipation or power inflow by a right angle. 

These cyclic flow of energy relations are shown in 
Fig. 1, as expressed by eq 4 and in Fig. 3 for those 


Fic. 1 (Lerr)—FLow oF ENERGY RELATIONS AS EXPRESSED BY 
Eg 4 FoR RESISTANCE AND INDUCTANCE IN SERIES 


Fic. 2 (R1icHT)—FLow oF ENERGY RELATIONS AS EXPRESSED BY 
EQ 6 FOR RESISTANCE AND CAPACITY IN SERIES 


who are happier when dealing with electromotive 
forces and currents these relations are shown as 
expressed by eq 5. 

For a circuit having potential energy, the stored 
energy is 

a Ei 
iy aa. 
where q is the change at any instant and C is the 
capacity. The inflow of energy into the system is 
given by 


, a. (282: 
Ri + at 3 ) or (6) 
(Re “ie ak (7) 


In the dynamical analogy q is the coordinate of the 
motion, 7 is the velocity. Starting with maximum 
velocity at time zero, the spring (supposed to be 
linear) will have reached 1/, its maximum deflection 
and the maximum stored energy will occur when the 
velocity becomes zero, that is, when R7? is zero. 
Thus the cycle of energy storage is of exactly the 
same form as that of the rate of dissipation of energy 


760 


but lagging 180 deg. Therefore, the cycle of inflow 


1 


d : 
of potential energy AG z) will lead the energy 


storage cycle by 90 deg and will lag the rate of 
energy dissipation cycle by 90 deg. In Fig. 2 is 
shown this expressed in terms of the dissipation and 
stored energy cycle as given by eq 6, and in Fig. 4 


Elcos 6 
2 


Riz= pi2= £1595 (14-cos 2ut) 


(I+cos 2wt) 


Fic. 3 (Lerr)—FLow oF ENERGY RELATIONS AS EXPRESSED BY 
Eo 5 FOR RESISTANCE AND INDUCTANCE IN SERIES 


Fic. 4 (RicHT)—FLow oF ENERGY RELATIONS AS EXPRESSED BY 
Eg 7 FOR RESISTANCE AND CAPACITY IN SERIES 


in terms of current and electromotive forces as in 
eq 7. 

In dealing with cyclic quantities such as alter- 
nating currents and electromotive forces the con- 
vention has been standardized of representing such 
quantities by positively rotating vectors in the 
complex plane, the projection of these vectors on 
the real axis giving the instantaneous value or, 
where E and / are root mean square, the instan- 
taneous values divided by V2. The only difference 
between energy flow values and currents and elec- 


eS 


Fic. 5 (Lerr)—Vector D1aGraM oF INSTANTANEOUS ENERGY 
FLow AS EXPRESSED BY EQ 8 FOR RESISTANCE AND INDUCTANCE 
IN SERIES 


(P+ja)es@™* 


| AXIS _OF|REAL VALUES 
——S 


7S 
MAX. 
NEGATIVE 


IMAGINARY. 


AXIS OF REAL}VALUES 
0! ; 


Pejewt 


MAX. 
POSITIVE 


Fic. 6 (RicHT)—Vectror D1aGRAM oF COMPONENT POWER AND 
REACTIVE VOLT-AMPERES AS EXPRESSED BY Eg 9 FoR RESISTANCE 
AND INDUCTANCE IN SERIES 


tromotive forces is that the axis of rotation of the 
former is displaced from the origin by the amount 
P + jQ = Ef which gives the mean power or rate 
of dissipation as the abscissa and the value of the 
rate of energy storage which is a purely sinusoidal 
quantity as ordinate. The rotating vector is the 
quantity Ef e”*' rotating about the displaced axis 
of rotation which since at ¢ = 0, f and f are both 
wholly real gives Ef e? = EI. 
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The instantaneous power vector diagram there- 
fore is properly expressed by 
ei = real part of Ef + Ef, or \ 


EI(1 + e32t), or 
(P + 9Q) (1 + e92e#) 


(8) 


If it is desired to obtain the diagram in terms of 
the cyclic components of P and jQ we should leave 
72 out in the last equation, since it is stationary and 
its projection on the real axis is zero. This gives 
the expression: 


ei = P(L + ei2wt) + jQe2ut (9) 
where P is the real part of Ef and jQ its imaginary 
part. 

These two diagrams are given in Figs. 5 and 6. 
The diagram of Fig. 5, following eq 8, may be called 
the instantaneous energy flow vector diagram, while 
Fig. 6, following eq 9, may be called the component 
power and reactive volt-ampere vector diagram. The 
sum of the projections of Fig. 6 on the real axis 


0 peiewt 
OF REAL | VALUES 


Fic. 7 (LeFt)—VEcToR DIAGRAM OF INSTANTANEOUS ENERGY FLOW 
AS EXPRESSED BY EQ 8 FOR RESISTANCE AND CAPACITY IN SERIES 


IMAGINARY 


Fic. 8 (RicHT)—VeEcToR DIAGRAM OF COMPONENT POWER AND 
REACTIVE VOLT-AMPERES AS EXPRESSED BY EQ 9 FOR RESISTANCE 
AND CAPACITY IN SERIES 


corresponds in value and time with the projections 

of Fig. 5 on the real axis. These diagrams are 

based on circuits having kinetic energy in opera- 

tion. Similar diagrams for circuits having po- 

tential energy are shown in Figs. 7 and 8, and the 

same eqs 8 and 9 apply, Q in this case being negative. 

In eq 4 if we take 2 = I cos ot, where J is the 
maximum instantaneous value of 2, 

Ri? = RI? cos? wt 
= = = = cos Qwt 
1/, Li? = 5 LI? cos? wt 


= —wLI* cos wt sin wt 


Qa 
Za 
dle 
a 
w 
ee“ 
| 


ots 5 Pasa 


1 7 
= 3 LI? cos (26 + 5) 


Flow of energy 


= —— + \5 cos Qet + A cos (2ut A z)t (10) 


2 2 
RP nd fe EN 

= —— 7 ee 2a 
rtp tes een 


ee ” 


ee ee ee ae 


“ir pit SA ) 7 
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ARS Ak : 
pagar? oS an 


a al 


ie hs = ae 5, UAB : 
or = =" FO: —) e—jtut| 


Choosing positive rotation for vector representa- 
tion of power we have 


2 
Bape (E95, EP) orm 


a + Efej2ut 
= Ef + EI 


Flow of energy = 


(11) 


Eqs 9 and 10, and the component circle diagram 
Fig. 6 correspond. Eqs 8 and 11 are those for 
Fig. 7 which is a single circle diagram giving the 
-instantaneous power or flow of energy. 


SINGLE PHASE NON-SINUSOIDAL ELECTROMOTIVE 
FORCES AND CURRENTS 


In the solution of linear circuits with non-sinu- 
soidal electromotive forces applied it was shown 
that each harmonic of electromotive force is con- 
sidered independent of the fundamental electro- 
motive force and the other harmonics. Each 
harmonic therefore has its own power input, stored 
energy cycle, reactive volt-amperes, and power 
factor as if the others did not exist. If we con- 
sider the harmonic reactive volt-amperes with 
respect to the fundamental reactive volt-amperes, 
it is seen that the integral of the even harmonics 
over one-half cycle of the fundamental reactive volt- 
amperes is always zero, and for the odd harmonics 
will vary from zero up to the integral of one-half a har- 
monic reactive cycle. The amount added to the 
reactive volt-amperes during 14/2 cycle of funda- 
mental reactive volt-amperes for each harmonic 
is zero for all even and zero to + * the integral 
over 1/, cycle of the odd harmonic, depending upon 
the phase position with respect to the fundamental 
reactive volt-ampere cycle. The contribution to 
the fundamental reactive volt-ampere cycle of the 
harmonic therefore is indeterminate from the root 
mean square volts and amperes showing that there 
is no such thing as the equivalent sine wave for 
non-sinusoidal currents and electromotive forces. 

If the wave form of applied electromotive force 
is known the stored energy cycle for the funda- 
mental component current and its harmonics are 
completely defined, and therefore the respective 
power inputs,. reactive volt-amperes, and instan- 
taneous powers are known for each harmonic and 
the whole instantaneous power cycle and funda- 
mental reactive volt-ampere cycle can be obtained 
by composition of their individual values as pointed 
out, but the values obtained in this way cannot be 
derived from the mere measurement of the root 
mean square volts and amperes of the circuit. 

In practical circuits the distortion is usually 
negligible and therefore power factor as defined 
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should be retained as a convenient practical measure 
of the ratio of mean volt-ampere to mean power 
input or mean rate of dissipation. For analytical 
work where harmonics are large in comparison with 
the fundamental, equivalent sine waves should 
never be used, but each harmonic should be con- 
sidered independently. 


POWER AND REACTIVE VOLT-AMPERES 
IN A SINGLE-PHASE LINEAR NETWORK 


The method of obtaining power and reactive 
volt-amperes for a linear single-phase network may 
be generalized by using the Lagrangian energy 
function and Rayleigh dissipation function. If 
hh, 1, 7, are the instantaneous currents flowing into 
n terminals of the network and if it is supposed that 
the Lagrangian function T—W (where 7 is kinetic 
energy and W is potential energy) and the dissipa- 
tion function F have been expressed in terms of 
the terminal currents, then 


Instantaneous power input at r* terminal = 7, a. 
T 
Instantaneous inflow of stored energy = Le ue W) an desl) ty 
dt 61, Ogr 
: SO\6k dct W) oC) 
Instantaneous power input = 1 a Rare on, ty 


This expression is quite general and applies for 
both sinusoidal and non-sinusoidal currents, and 
when the terminals supply induction motors and 
synchronous motors as well as simple impedances. 
For sinusoidal waves it gives the same result as 
the vector expression 


Tes as jQr = (Ded — Et, 


which has been shown to be the vector representation 
of instantaneous power.* 


POWER, REACTIVE VOLT-AMPERES, AND POWER 
Factor OF POLYPHASE CIRCUITS 


It is not necessary to consider the general poly- 
phase system. It is sufficient for practical purposes 
to deal with the three-phase system. Here asshown 
in ‘Polyphase Power Measurements’ by C. L. 
Fortescue, A.I.E.E. TRANS., v. 42, 1928, p. 358-71, 
the system if sinusoidal can be completely char- 
acterized by the use of the sequence symbols S°, 
S}!, S?, and the conjugate symbols S®, S$“, S74, 
the zero sequence system being self conjugate. 
Thus the currents are given in all phases by 


SY 40 + Sha + SL a2 


*In ordinary linear networks the total inflow. of stored energy can 


be expressed simply as follows: 
; dT dw 
Total instantaneous inflow of stored energy = ps rie 


The portion of this to be assigned to the rth terminal is that part of 


dT dw a ; 
oF containing z, and that part of ra: containing gr. For the in- 


oF 
stantaneous power input at the rth terminal the quantity i, must 
be added. 
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A being the principal phase, and the electromotive force 

SEs + SEa + SEs 

Power as in single-phase circuits is defined by Ef so that total power 
1S 

E(S%E 49 + SE ar + S%E 42) (SL ao + So Lar + S*Lu2) 

which gives 

3(Eacl ao + Earlar + East ac) + 


DSB solar + SPE al a2 + SE also + S*E al so) + 
USB ala + SE al a) 


The instantaneous sum of the expressions having 
S1!, S-?, S1!, and .S? preceding them is zero. They 
are the quantities which define the interchange 
of power and reactive volt-amperes among phases. 
This is characteristic of unbalanced polyphase 
systems and unbalance factors are associated with 
those interchanges. 

If we take the product 


(SB 49 + StE a: + S?E a2) (S40 + Siar + SE 42) 
we obtain 


DSB ala + SE sl as 
ESE sol ar = SPE sol a2 + z 
SE ala + 3(Bala + Easel as) 


It will be observed that the first term is the total 
inflow of reactive volt-amperes for each balanced 
system comprising the symmetrical codrdinates, 
except the zero sequence term, and these are zero 
since they are preceding by S1 and S? showing that 
the total flow of energy is uniform in a balance 
system. The terms 3E aol AO" + 3(E ae AQ + E Py e) 
are connected with the interchange of power and 
reactive power between phases and it is seen that 
these double frequency products are not zero. The 
flow of power in an unbalanced polyphase system 
is not uniform. The equation gives the average 
power factor of each symmetrical component of an 
unbalanced system and of course if the system is 
balanced, zero and negative sequence are not present 
and the expression 29°F al = 3E al gives not only 
the mean power but also the reactive volt-amperes 
which divided by three is the reactive volt-amperes 
per phase. Space does not permit of going ex- 
haustively into the subject of polyphase power and 
reactive volt-ampere measurements but the follow- 
ing important points should be noted. 

1. In a balanced system the total instantaneous reactance volt- 


amperes is zero. The volt-amperes per phase are given by the 
imaginary part of the product 3E ala. 


2. Inan unbalanced system there are three such products represent- 
ing power and reactive volt-amperes of each symmetrical component. 
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38. In an unbalanced system supplied from a symmetrical generator 
the total power and reactive volt-amperes including that of the nega- 
tive and zero sequence components are included in the positive se- 
quence components so that the expressions 3E 4:/ 4: gives the true 
measure of power and reactive volt-amperes that is supplied by the 
generators. The individual power factor per phase of each genera- 
tor must be obtained by computing the total current and total 
electromotive force for each phase in the regular way. 


Non-LInEAR CIRCUITS 


The analysis of non-linear circuits is complicated 
mathematically so only a brief sketch of the main 
characteristics will be given. The fundamental 
characteristic of such circuits is that sinusoidal 
power taken in is partly absorbed as such and partly 
converted into harmonic power which is either 
dissipated in the system or made use of. Examples 
of non-linear circuits are: 


1. Magnetizing circuit of transformers and other electrical appara- 
tus using iron. 


2. Mercury arc and thermionic rectifier. 
3. Power arcs. 


If all the power for such networks is supplied 
from a sinusoidal source, the total power and re- 
active volt-amperes delivered will be given by the 
power and reactive volt-ampere input of the funda- 
mental sinusoidal impressed electromotive force. 


CONCLUSIONS 


Following are conclusions which may be drawn: 


1. Forasine wave the dissipation cycle and the stored energy 
cycle are fundamental concepts and are easily obtained. The power 
input is given by the dissipation cycle and the inflow of stored energy 
by the differential with respect to time of the stored energy cycle. 
The sum of these three cycles gives the instantaneous power cycle. 
The vector expression for this is Ef + EI the second term being 
double frequency. EI being equal to P + jQ gives the proper point 
on the complex plane for the center of rotation of the positively rotat- 
ing vector EI. 


2. In 3 phase sinusoidal balanced systems the total power input 
from a generator is continuous. The total reactive volt-amperes is 
zero but per phase it is given by HE rola ae Eal ai vectorially. 
When there is unbalance the polyphase power input at an unbal- 
anced terminal is given by 3(Eaila: + East as + Eaol ao). If 
the source of power is a symmetrical machine the total power and 
reactive volt-amperes input including the power and reactive volt- 
amperes circulated in the system by the zero and negative sequence 
components are given by 3E4:J4:, and this gives the true power 
and reactive volt-amperes input to the system. 


38. Non-linear circuits are characterized by frequency changing 
so that fundamental power and reactive volt-amperes are taken in 
and converted into power and reactive volt-amperes at higher or 
lower frequencies. Here again in general the power and reactive 
volt-amperes measured at fundamental frequency define the true 
power and reactive volt-amperes supplied by the sine wave generator. 


Discussion 


For discussion of this paper see page 779. 
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Reactive Power and Power Factor 
BY W. V. LYON} 


Fellow; A.I.E.E. 


c: is the purpose of this paper to discuss the terms, 

reactive power and power factor; to see if they may 

be defined by some general mathematical principles 

so that when so defined they will be useful in the calcu- 

lation of electric circuits; and to see what limits there 

are, if any, to a physical interpretation of these mathe- 
matical definitions. 

The value of a steady alternating electromotive force, 

eé, or current, 2, is mathematically defined as its root 
mean square value: 


Pay 
Eine = T J edt volts 


1 ae 
dees > fe dt amperes 


where T is the time of one oe v.e., the reciprocal of 
the frequency. 

The mathematical definition of the power, P, sup- 
plied to a circuit, where the potential across the circuit 
and the current through it are e and 7 is: 


P= ear ee 7 fd dt watts 


The advantages of these definitions of electromotive 
force, current and power have long been recognized by 
international agreement. Recently it has likewise been 
agreed that reactive power shall be defined mathe- 
matically by the expression EJ sin 6; where E is the root 
mean square magnitude of the sinusoidal potential 
(volts) across the circuit, J is the root mean square 
magnitude of the sinusoidal current (amperes) in the 
circuit, and @ is their relative phase. It was further 
agreed that the unit of reactive power shall be the 
“var.” The total reactive power supplied to a network 
is the algebraic sum of the reactive powers supplied to 
- its branches. It is thus highly desirable that an agree- 
ment should be reached in regard to the sign of the 
angle 6; that is, whether 0 is to be taken as positive for 
condensive or for inductive loads. In other words, 
whether the reactive power is to be positive for a con- 
densive or for an inductive load. In this paper the 
author has assumed that the angle 6 is positive when the 
current leads the potential across the circuit, and nega- 
tive when it lags. Some have adopted the opposite con- 


be more broadly defined as & E,J, sin 6,; where h 
represents the order of the individual harmonics in the 
potential and current. That is, the total reactive power 
for any circuit may be defined as the sum of the re- 
active powers in the circuit due to the different har- 
monic components of potential and current. This latter 
definition of reactive power is not limited by the wave 
form of the applied electromotive force or by the 
constancy of the circuit “constants” or, in polyphase 
cases, by the number of the phases or their symmetry. 
It is as broad as and corresponds to the accepted 
definition of (active) power which in the case of non- 
sinusoidal potentials and currents can be expressed as 
% E,I, cos 6,. Hereafter this definition of reactive 
power, » E,J;, sin 6;, will be referred to as the “‘mathe- 
matical definition.”’ 

In what follows, except as noted, the letters H, I, and 
S are vector quantities whose values may be given by 
complex numbers. Addition and multiplication are 
subject to the rules which apply to complex numbers. 
When necessary, the magnitude of the potential vector, 
E, is indicated thus: | E |. 


VECTOR VOLT-AMPERES 


If a sinsuoidal electromotive force, represented by 
the vector, E, is applied to a circuit and the resulting 
current is also sinusoidal and is represented by the 
vector, I, the vector volt-amperes, ET, are 


EI = P + 3Q (See footnote 2.) 
P=|E|x|I|cos@ watts 
= PEEP SOT Vsmnedo vars 

where @ is the phase angle by which the current leads 
the electromotive force. P and Q are the active and 
reactive powers. This expression, EJ, for the vector 
volt-amperes is a very useful one in circuit analysis. 
It is a non-rotating vector and is in this respect quite 
different from the rotating vectors which represent the 
potential and current. Due to its non-rotating charac- 
ter, vector volt-amperes due to a potential and current 
of one frequency may be added to the vector volt- 
amperes due to a potential and current of another 
frequency, and the result will be a fixed vector. It must 


(1) 


2. E is the conjugate of # with respect to the horizontal axis, 
1. e., the axis of reals. If 


vention. E =|E| /wt 

The limitation of a sinusoidal time variation for the E=|E|/— ot 
potential and current in the present definition of re- and I =|I| /wt +0 
active power is unnecessary. The reactive power may Then EI =|E|x|1|/0 

1. Professor of Electrical Machinery, Massachusetts Insti- =|#|x | r| (cos 6 + jsin 8) 
tute of Technology, Cambridge, Mass. =P+jQ 

Presented at the North Eastern District Meeting of the A.I.E.E., where P =|B| X|I|cos 6 watts 
Schenectady, N. Y., May 10-12, 1933. Q =| E| X|JZ| sin @ vars 
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be borne in mind that reactive power as well as active 
power depends only upon potentials and currents of the 
same frequency. If several frequencies are present 
simultaneously, both of these powers are computed for 
each frequency separately as if the other frequencies 
did not exist; that is, potential of one frequency and 
current of another frequency produce neither active 
nor reactive power. 


TOTAL VECTOR VOLT-AMPERES 


There is an important mathematical theorem in cir- 
cuit analysis of which, apparently, no formal proof has 
been given. It is, that the sum of the vector volt- 
ampere inputs to the individual branches of any net- 
work whatsoever equals the vector volt-ampere input 
at the terminals of the network. In the general case, 
when the potentials and currents are non-sinusoidal, 
each harmonic order may be considered separately, 
since they have no effect upon each other in the vector 
volt-amperes. First it is evident that the total vector 
volt-ampere input at the terminals of any series’ or 
parallel combination is not affected by replacing the 
combination by its equivalent single circuit. The key 
to the proof, however, is the star-mesh transforma- 
tion.2 It may be shown that the total vector volt- 
ampere input at the terminals of any star is not affected 
by replacing the star by its equivalent mesh. In these 
replacements the impedance of any branch of the 
original network at the frequency being considered is 
the ratio of the potential vector to the current vector for 
that branch and at the frequency considered. In the 
analysis it is only necessary to specify what these ratios 
are and not to describe how they may be obtained by 
physical circuits. In the case of non-linear circuits it 
may be necessary for these impedances to assume values 
of zero and infinity. If in any branch there is a har- 
monic component of current without any corresponding 
component of potential, the coefficient, z, for that 
branch is zero; and similarly, if there is a harmonic 
component of potential without a corresponding com- 
ponent of current, the coefficient, z, for the branch is 
infinite. The series, the parallel, and the star-mesh 
transformations are still valid even in these extreme 
cases. 


By means of these transformations any network can 
be reduced to a single circuit or circuits connecting its 
input terminals. This process does not alter the total 
vector volt-amperes, and thus the theorem is proved in 
the case of a single frequency. Since it is true for one 
frequency it is also true in the general case where the 
potentials and currents are non-sinusoidal. Thus the 
theorem may be expressed in the general formula: 


3. “Direct Capacity Measurement,’ G. A. Campbell, Bell 
Sts. Tech. Jour., v. 1, July 1922, p. 18. 


“A New Network Theorem,” A. Rosen, Jour. I.E.E., v. 62, 
1925, 
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Total vector volt-ampere (Elo) input to any network 
is 


h=mk=n 


» SS Exel nx 


h=1k=1 
where h is the harmonic order of potential and current 
and there are n branches in the network. The summa- 
tion is made for all of the harmonic orders in all of the 
branches. 

The foregoing proof involves only the potential and 
current vectors and no restriction is placed upon them 
except that they must obey the two Kirchhoff laws that 
LIE about any closed loop is zero and that LJ at any 
point is also zero. The real part of the total vector 
volt-amperes to any branch, & | E;,| X | I;| cos 63, is 
the total power supplied to that branch. It is not 
illogical then to name the imaginary part, | E, | bf 
| I, | sin 6;, the reactive power supplied to that branch. 
It should be emphasized that this definition of reactive 
power is based on the relation of the terminal potential 
of any branch and the current in the branch. It in no 
way inquires into the cause of this relation and so does 
not attempt to correlate the “reactive power” and any 
of the physical reactions within the branch. The 
physical concept of (active) power is perfectly definite. 
Unfortunately, however, there is, apparently, no general 
physical concept of reactive power. It is true that 
reactive power is due to the displacement between the 
potential and current produced by the physical charac- 
teristics of the circuit. The displacement is frequently 
caused by the magnetic and electric fields and thus 
there has grown a belief that there is a direct relation 
between the reactive power and the power delivered to, 
or energy stored in, these fields. Since the displace- 
ment may be produced by other physical character- 
istics, the physical conception of reactive power based 
on the magnetic and electric fields cannot be general. 
Moreover, as we shall presently show, this conception 
Reactive power 
is fundamentally a mathematical quantity which is use- 
ful in circuit analysis. It is for this reason that its 
definition has been labeled ‘‘mathematical.”’ 


POWER PULSATION 


Before we attempt to identify the reactive power 
defined in this manner with any physical characteristic 
of the circuit, there is a variation of the mathematical 
theorem that is worth while considering. It will be 
noticed that the theorem holds equally well when the 
vectors, EH’, are substituted for their conjugates; that is, 
for any single frequency we may write: 


k=n 


> Els 


(3) 
k=1 


The product HI has a particular and useful significance. 
If the potential across any branch is: 


e = V/2|E| sin (wt + a) 


Rilo = (2) 


Elo — 
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and the current in this branch is: 

t= /2|I|sin (ot + a+ 8) 
then the instantaneous power, 7, is: 
p =|E| x|I|ecos9—|E| X|I| cos Qwt + 2a + 6) 
or 
p=|E|x|TI| cos 6-| E|x|I| sin 2wt+2a+6+90°) 
Thus the double frequency portion of the instantaneous 
power can be represented by the vector product, 
—jEI. (See footnote 4.) This double frequency por- 
tion of the power will be called the power pulsation 
and it will be represented by the letter, S, (sinusoidal). 
Thus: 


S =-—jEI (4) 
Equation (3) may then be written 
k=n k=n 
So = > =-i Bh (5) 
k=1 k=1 


Since the total instantaneous power input is equal to 
the sum of the instantaneous powers absorbed by the 
various branches of the network, and since the same 
relation also holds for the average values of the power, 
the total power pulsation must be equal to the sum of 
the power pulsations in the various branches of the 
network. If there are harmonics present in the poten- 
tials and currents, the instantaneous power will contain 
terms that are the product of potentials and currents 
of different frequencies, and thus equation (3) cannot 
be extended to include the case where harmonics are 
present, as can be done with equation (2) for the vector 
volt-amperes.°® 
When the potentials and currents are both sinusoidal 
and of the same frequency, equations (2) and (5) can 
be combined in the following manner to obtain a check 
on the circuit calculations: Let 
BE, = Ey! + 9E:" 
and 
Dl FN 

_ And similarly let 
and 
Then 

Bil y= Ey Ty’ — Ey’Ty” +9 (Ee T” + Ei" Ti’) 
Also 

Exl;, =: E,'I;' + Ei,"1," + 7 (E,’I;,” iss E,"I;) 
If these results are substituted in equations (2) and (5) 
it at once follows that: 

4, EI =| E|/wt+a|I|/wt+a+0 
=|E| xX|1I| /2wt +2a +6 
jEI =| E| X|I| /2wt +2a + 6 + 90° 


5. The mathematical formula can be extended to include 
harmonies, but it cannot be interpreted as pulsating power, 
since the pulsating power will contain terms which are the 
product of potential of one frequency and current of a different 
frequency. 
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Ev'ly’ = S Eyl! (6) 
(Sid FROG Op Py 
and 
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The usefulness of these relations is apparent when we 
consider a typical problem. Let us suppose that the 
current input to a network due to the application of a 
potential Fy’ + 70 is Io’ + 77,”. Further let us suppose 
that in the solution of this problem we have determined 
the complex expressions for the potential and current 
for each branch of the network. The sum of the 
products of the imaginary component of each of these 
potentials and the real component of the corresponding 
current over the whole network should be zero, as 
shown by the fourth relation. The other relations are 
interpreted in a similar manner. 

There is another important relation that results from 
this ‘‘mathematical”’ definition of reactive power. The 
sum of the squares of the active and reactive powers is 
in general equal to the square of the effective volts 
multiplied by the square of the effective amperes only 
when the potential and current are sinusoidal and of 
the same frequency. When there are harmonics present 
in either the potential or current, or in both simul- 
taneously, this relation is in general not true. Orit may 
be stated that the magnitude of the vector volt-amperes, 
viz., »/P2 + Q? does not equal the product of the effective 
volts and the effective amperes when there are har- 
monics present. For example, it would be found when 
testing a power transformer on open circuit that the 
difference between these quantities might well be as 
much as 8 per cent. 


PHYSICAL CONCEPT OF REACTIVE POWER 


We will now examine three of the physical concepts 
of reactive power which connect it with the electric 
and magnetic fields. 

I. Concept of Instantaneous Reactive Power. We shall 
define the instantaneous value of the reactive power 
supplied to a magnetic field by the electric circuit as the 
product of the instantaneous value of the current in 
the circuit and the instantaneous value of the electro- 
motive force generated in the circuit by the time varia- 
tion of the magnetic field. Similarly, the instantaneous 
value of the reactive power supplied to an electric field, 
7.e., to a perfect condenser, equals the product of the 
instantaneous value of the current in the condenser and 
the instantaneous value of the potential across the 
terminals of the condenser. In other words, the 
instantaneous value of the reactive power is the time 
variation of the instantaneous value of the energy 
stored in the magnetic and electric fields. If the 
instantaneous value of the reactive power is zero, the 
stored energy is constant. If the potential and current 
are both sinusoidal the instantaneous reactive power is 
also sinusoidal but of double frequency. Care must be 
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observed in distinguishing between the terms ‘“‘in- 
stantaneous value of reactive power” and “reactive 
power,” (I.D).6 The former varies with the time while 
the latter does not. In this respect’ the former cor- 
responds to the instantaneous power input to a circuit, 
while the latter corresponds to the average or active 
power input. 

If a sinusoidal potential is impressed on a series cir- 
cuit of resistance R and reactance X the maximum value 
of instantaneous power input to the electric and mag- 
netic fields equals the reactive power input as inter- 
nationally defined. This fact may give rise to a preva- 
lent belief that when a circuit is adjusted so that the 
reactive power (I.D.) input at the terminals is zero, 
7.e., so that the terminal power factor is unity, the 
instantaneous value of the total reactive power is also 
zero, 1.e., the total stored energy in the electric and 
magnetic fields is constant. Unfortunately, however, 
this is not generally true in single-phase circuits except 
in one special case which we will presently describe. 
Neither is it true in polyphase circuits. If, for example, 
a symmetrical polyphase circuit has impressed upon it 
symmetrical potentials, the total instantaneous re- 
active power input is always zero, regardless of the 
power factor at which the circuit is operating. That is, 
the total stored energy is constant just as the total 
instantaneous power input to the circuit is constant. 

Let us see what limitation must be imposed in the 
single-phase case for the belief to be true. Consider an 
Rk, L, C network having two points of entry only, 
across which is impressed a sinusoidal electromotive 
force. Every inductance is assumed to have resistance 
associated with it, although the condensers may be 
assumed to be perfect. 

Theorem: If this network is adjusted so that the 
total instantaneous power input to its electric and 
magnetic fields is zero, the currents in all of the branches 
of the network are in time phase. 

Proof: The instantaneous power input to a re- 
sistance R which is carrying a current 


V/2 | a | sin (wt + a) is: 
DR = R|I|?}— R|I|? cos2 (wt + a) 

If the same current flows through an inductance L 
the instantaneous power input to the magnetic field is: 
pr = wL | I |? sin2 (wt + @) 

If the current flows through a capacitance .C, the 
instantaneous power input to the electric field is: 


fe te | I |? sin 2 (wt + a) 


1 
wl 
For the same reason that it is proper to represent this 
current by the rotating vector J it is also proper to 
represent the double frequency portion of the power 
input to the resistance by the rotating vector — jRIx? 
and the power input to the magnetic or electric field by 


6. International definition. 


LYON: REACTIVE POWER AND POWER FACTOR 


Transactions A.I.E.E. 


the rotating vector XJx*, where X is positive for in- 
ductance and negative for capacitance.’ Ip and Ix are 
the rotating vectors which represent the currents in 
the resistance, R, and the reactance, X, respectively. 

Therefore the double frequency portion of the power 
input at the terminals of the network may be repre- 
sented by a rotating vector S, of the form 

So == D> (— gRIR? + X Ix?) (7) 
or 
So =— J DS (RIp? + 9X Ix?) 

Compare this with equation (4). 

The vector volt-ampere input at the terminals of 
the network is 

Po +jQo = 4 (R| In |?—- 5X | |?) 

Note that while S, is obtained by a vector summation, 
P, is obtained by a numerical summation since R is 
always positive and Qo, by an algebraic summation 
since X may be either positive (inductive) or negative 
(capacitive). Now it is well known that the amplitude 
of the double frequency power input equals the magni- 
tude of the vector volt-amperes, that is: 

|So| = VPo + Qe? 

If the network is adjusted so that the total instan- 
taneous power input to the magnetic and electric field 
is zero, 

Xu XIx? = 
and 
Ss o> a yy RI Rr 
Thus the magnitude of the vector sum & RIp? equals 
the square root of the sum of the squares of the magni- 
tudes of the numerical sum % R |Ip |? and of the 
algebraicsum & X | Ix |?. 

Since the vector sum of any number of vectors may 
be equal to but not greater than the numerical sum of 
their magnitudes, it follows that not only 


|S Rie | = SR} Inf? (8) 
but also 
= UX|K|? =0 

Therefore the reactive power Q, at the terminals is 
zero, and since the vector and numerical sums are 
equal, as shown by equation (8), the currents in all of 
the branches of the network which contain resistance 
are in time phase. 

Since in the case we are considering the reactive 
power input, Qo, at the terminals is zero, the input cur- 
rent, Jo, is in phase with the applied potential, Hy, and 
the network is equivalent to resistance 


Ky 
Iy 


a Ro. 


Thus the double frequency power input, — 7Rol,*, equals 


7. The square of a vector, V, is a vector, V?, whose magnitude 
is the square of the magnitude of V and whose phase angle is — 
always double the phase angle of V. The speed of rotation of V? 
is thus twice the speed of rotation of V. 

8. In the steady state and at the given frequency. 
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— 7 2 RIp?. From this ‘t follows that all of the cur- 
rents in the branches containing resistance are in 
phase with the input current at the points of entry. 

It remains to consider those cases in which some of 
the branches of the network may not contain resistance. 
In any actual network every inductance would be 
associated with resistance, but it is often assumed that 
the capacitances are perfect, 7.e., without series re- 
sistance. Consider a network some of whose branches 
consist wholly of capacitance. When the currents 
flowing into any network and the impedances of its 
branches are known, the currents in all parts of the 
network are determined by applying the two Kirch- 
hoff principles. Apply these principles to the capacitive 
portion of the network. The currents flowing into these 
capacitive branches will come either from branches con- 
taining resistance or directly from one or both of the 
points of entry. Since all of these input currents to 
the portion of the network under consideration are in 
time phase, and since all of the branches of this portion 
of the network have impedances of the form 


it follows that all of these capacitive currents will be 
in time phase with the input current. Thus the theorem 
is generally true for all actual networks. 

We have therefore proved that if a single sinusoidal 
electromotive force is impressed on any actual R, L, C 
network which is adjusted so that it operates at unity 
power factor the total instantaneous input to its elec- 
tric and magnetic fields is zero only when the currents 
in all of the branches of the network are in time phase. 
Since such a network may be adjusted for unity power 
factor without having all of the currents in time phase 
it follows that there can be no general relation between 
the reactive power as defined by international agree- 
ment and the instantaneous value of the power input 
to the electric and magnetic fields. 

Another interesting point is illustrated by the simple 
- circuit shown in Fig. 1(a). The resistance and reactance 
‘of the coil are equal and the reactances of the con- 
densers are each one-half of the reactance of the coil. 
The vector diagram showing the potentials and currents 
is in Fig. 1(6). From this are derived the vectors, 


eel ee 
wl, 


Le’, 4 I?,2, and wLT,? 


1 
wl; 
which represent the instantaneous reactive powers in 
the condensers and inductance. (See equation (7).) 
In this case the maximum value of the instantaneous 
reactive input at the terminals equals the reactive 
power (I.D.) input even though the currents are not in 
phase. Note, however, that the instantaneous re- 
active power input to C, is equal in magnitude, but in 
exact time opposition, to the instantaneous reactive 
power input to C;; that is, it might reasonably be said 
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that there is a direct interchange of energy between 
these condensers so as to maintain their total energy 
constant. Since the instantaneous reactive power input 
to the condensers is zero, the total instantaneous re- 
active input at the terminals equals that taken by the 
coil. From this point of view it would be reasonable 
to conclude that the reactive power input at the termi- 
nals is inductive, from which it would follow that the 
input current lags the applied potential. This is an 
entirely erroneous conclusion, since the input current 
leads the applied potential as is shown in the vector 
diagram. 

We have attempted to obtain a physical conception 
of reactive power by associating it with the instantane- 
ous power input to the electric and magnetic fields. 
We have clearly shown that the sum of the instantane- 
ous values of reactive power in the different branches 
of a network may give no indication as to the value or 
character of the reactive power (I.D.) at the input 
terminals to the network. 

Imagine the confusion of a student who is taught that 
sinusoidal electromotive forces or currents must be 
combined with due regard to their phase relations, while 


RoL 
a b iF 
2 2 
= te 1 
C2 WwC2 wd; 
Cc; 
i Rs ed teal ee wLit 
R=WL=505C,~ BwCa 


(a) ©) 


Fig. 1—Simpte Circuit (a), PorenriaL AND. CURRENT 
Vectors (b), AND Vectors (c) WHICH REPRESENT THE INSTAN- 
TANEOUS REACTIVE POWERIN THE CONDENSERS AND INDUCTANCE 


reactive powers, which he is also taught to think of as 
sinusoidal quantities, are combined without regard to 
their phase relations. In view of this it seems wise to 
discard this conception of reactive power entirely, at 
least when combining the reactive powers in a number 
of branches. 

II. Concept of Maximum Value of Stored Energy. 
The reactive power might be associated with the maxi- 
mum value of the stored energy. Consider two re- 
active coils connected in parallel. The total reactive 
power is the numerical sum of the reactive powers in 
the two branches, but the maximum values of the stored 
energy may occur at different times inasmuch as the 
currents may not bein time phase. Thus the maximum 
stored energy in the magnetic fields may not be equal 
to the sum of the maximum values of the stored energy 
in the individual fields. Thus this conception of re- 
active power is also open to the same objection as that 
we have already discussed. 
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III. Concept of Average Stored Energy. The reactive 
power might be associated with the average value of 
the stored energy, provided this stored energy is given 
a positive value when the current in the circuit leads 
the potential across the circuit, and is given a negative 
value when the current lags the potential difference. 
The very obvious advantage of using the mean value of 
the stored energy is that it has no phase relation as- 
sociated with it, that is, if we do not regard plus and 
minus signs as indicating a phase relation. If a circuit 
contains a series inductance of constant value, L, and 
is carrying a sinusoidal current, i = ./2| I | sin wt, the 
instantaneous value of the stored energy is \% In’. 
The mean value of this stored energy is 4L|JI 
Now the reactive power in this case is Q = wl | I |’, 
that is, the reactive power is the mean value of the 
stored energy multiplied by 2w. Exactly the same 
relation holds if the circuit contains capacitance and if 
the current is sinusoidal. We now have a physical 
conception of reactive power that holds for any single- 
phase static network, 7.e., having only two points of 
entry, in which all of the electromotive factors and 
currents are sinusoidal. That is, the reactive power 
at the terminals is the algebraic sum of the average 
values of the energy stored in the electric and magnetic 
fields multiplied by 47 times the frequency. 


Furthermore, it is a simple matter to show that for 
polyphase static circuits that are magnetically coupled 
the reactive power is the mean stored energy multi- 
plied by 2w if the potentials and currents are sinusoidal 
and of the same frequency. The same relation also 
holds for a rotating machine like a polyphase induction 
motor provided the potentials and currents in the stator 
windings are sinusoidal and of one frequency. The 
mean value of the stored magnetic energy, however, 
does not account for the reactive power input to a syn- 
chronous motor since the power factor at which the 
motor operates is controlled by the field excitation and 
may range from lagging to leading. 


If a non-harmonic current, the effective values of 
whose harmonic components are J,, 2, and I;3, flows 
through a constant inductance L, the mean value of the 
stored energy is 


9 
. 


2 


1 
“9 F OE iP I? as Lg). 


If the definition for reactive power is extended to in- 
clude harmonics as we have suggested the reactive 
power in this case is wh (I,? + 2/.? + 3/;). It thus 
bears no direct relation to the mean stored energy as 
it did with sinusoidal currents. 

Finally, in all of those cases where, due to the presence 
of magnetic material, the inductance is a function of the 
current, it is not possible to determine the value of the 
mean stored magnetic energy inasmuch as the physical 
phenomena involved are not understood in any quanti- 
tative manner. Thus in these cases there is no de- 
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termined relation between the reactive power and the 
mean stored energy. 

If reactive power is measured by a meter of the 
dynamometer type in which the potential circuit con- 
sists wholly of inductance, the instrument is subject 
to frequency errors. Furthermore the instrument indi- 
cates the mean value of the stored magnetic energy if 
there are harmonics present and if the inductances in 
the network are independent of current strength. In 
fact, the definition of reactive power might be based on 
the meter reading. If this were done, however, the 
generalized mathematical concept of reactive power 
that has been here developed would have to be discarded. 

Conclusion. Reactive power, as defined by inter- 
national agreement, is fundamentally a mathematical 
quantity. At present it is based upon an assumption of 
sinusoidal potentials and currents. This limitation of a 
sinusoidal wave form can be removed and the definition 
will then correspond to that for active power. We 
would then have a truly scientific definition. If this 
were done the generality of the mathematical definition 
of reactive power and its use in circuit calculations 
would far outweigh any other consideration. Reactive 
power is due to some physical characteristic of the cir- 
cuit which causes a phase displacement between the 
potential across the circuit and the current in it. Con- | 
stant inductance and capacitance will produce this 
effect. It may also be produced by the electric are or 
by resistance that varies with the current strength due 
to heating. In rotating synchronous machines the 
phase displacement can be controlled by the relative 
strength of the field poles. In general, however, re- 
active power cannot be said to equal any one definite 
physical quantity. The best physical concept that we 
have is based upon the mean value of the stored energy, 
but in determining this mean value the energy stored 
in an inductance must be counted of opposite sign to 
that stored in a condenser. Furthermore this concept 
is valid only when the circuit is linear and the impressed 
potentials are of a single frequency. Any concept based 
wholly upon the instantaneous value of the stored 
energy or of the time rate of change of the stored energy 
will probably lead to great confusion in the mind of the 
student. It is relatively unimportant that there is no 
general physical concept of reactive power. Were it 
defined as a physical quantity that did not prove useful 
in circuit analysis it would soon be forgotten. 

It is important to note that for the purpose of circuit 
calculations the components of both the active and 
reactive power for each frequency need to be given. 
The resultant active and reactive power for all fre- 
quencies combined is of little value in circuit calculations. 


POWER FACTOR 


The general definition of the power factor of a single- 
phase network is the ratio of the power supplied, P, to | 
the product of the applied potential difference, V, and 
the current, J. Under all conditions this product is the 
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greatest power that the given effective current, J, can 
produce at the given potential difference, V. With this 
in mind the definition of power factor might be formu- 
lated as follows: Power factor is the ratio of the actual 
power to the greatest power that the given effective 
current and the given potential can produce. This form 
of the definition has one possible advantage. It can 
be extended to the general polyphase case where the 
applied potentials are not sinusoidal. 

In the single-phase case the only load which in general 
will take the maximum amount of power for a given 
effective value of the current is a fixed non-reactive 
resistance. The accepted definition of power factor thus 
compares the actual load with a non-reactive resistance 
load, both of which take the same effective value of cur- 
rent at the same potential. When we attempt to obtain 
a corresponding conception of power factor in a poly- 
phase circuit we must allow the resistances of the dif- 
ferent phases of this non-reactive load to take on any 
value from plus to minus infinity. For example, take 
the simple three-phase load illustrated in Fig. 2(a). 

If the line potentials are sinusoidal and each has a 
value of 100 volts, the line currents are 20 amp, 10 amp, 
and 10 amp. In order to duplicate these line currents 
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and have the branches non-reactive resistances they 
must have the values indicated in Fig. 2(6). Although 
such a condition is physically impossible we may still 
consider the condition of maximum power for given 
values of effective currents. For example, the load 
shown in Fig. 2(a) takes the greatest possible power for 
the given values of line currents. The reactive power 
input to this load is zero. 

_ In the following discussion we shall assume that the 
currents and potentials are sinusoidal and of the same 
frequency. First consider a network that has three 
points of entry. This might be either a three-phase 
circuit or a three-wire two-phase circuit. The potentials 
between the successive line conductors are fixed. This 
determines a triangle of the line potential vectors. 
Similarly, since the magnitudes of the line currents are 
also known—by hypothesis—the current vectors also 
determine a triangle. This triangle may take one of 
two forms determined by whether the currents are in 
the same phase order as the line potentials or in the 
opposite phase order. In either case the maximum 
value of the power supplied equals the magnitude of the 
vector volt-amperes, ./P? + Q? but the vector volt- 
amperes are greater when the phase order of the cur- 
rents is the same as that of the potentials. Thus, in 
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this case of a three-wire circuit, the maximum value of 
the power that can be supplied by the given potential 
and currents equals the vector volt-amperes determined 
on the assumption that the phase orders of the poten- 
tials and currents are the same. If it happens that the 
phase orders of the line currents and line potentials are 
opposite, the magnitude of the vector volt-amperes, 
viz., “~P2+Q,2, is less than the maximum possible 
power for the given system of line potentials and of line 
currents. This condition may arise when an induction 
motor is running idly on an unbalanced potential sys- 
tem. All that is necessary is to have an unbalance in 
the line potentials greater than the ratio of the no-load 
admittance to the blocked admittance of the motor. 
The negative-sequence current will then be greater than 
the positive-sequence current and the phase order of the 
line currents will be opposite to the phase order of the 
line potentials. There is thus the possibility that the 
power factor as determined by the ratio of the actual 
power to the maximum power for the given line poten- 
tials and line currents will not equal the power factor 
as determined by the ratio of the actual power to the 
magnitude of the vector volt-amperes. 

Let us now consider a network into which currents 
flow at four or more points; for example, a three-phase 
circuit with neutral connection, or a four-phase circuit. 
The line potentials are fixed both in magnitude and in 
relative phase. Assume for the moment that the phase 
relations of the line currents are fixed with respect to 
each other but not with respect to the line potentials. 
Then, if the phase order of the line currents is the same 
as that of the line potentials, the maximum power for 
this particular current polygon is equal to the magni- 
tude of the total vector volt-amperes, v2z., »/P,? + Q,?. 
With four or more currents the phase relations of the 
currents with respect to each other are not fixed by the 
magnitudes of the currents as they are in a network 
having three points of entry. The magnitude of the 
vector volt-amperes, however, depends upon the phase 
relations of the currents with respect to one another, 
and there is one particular current vector polygon for 
which the vector volt-amperes are greater than for any 
other. Thus the magnitude of the total vector volt- 
amperes, 22z., /P,? + Qo? is generally less than the 
maximum power that can be developed by the given 
system of line potentials and the given line currents. 
For example, consider a symmetrical four-phase circuit 
having line potentials of 100 volts between adjacent 
conductors and 141.4 volts between alternate con- 
ductors. Connect two resistance loads, each of 10 
ohms, across opposite pairs of line conductors. The line 
currents are each 10 amp. The active power is 2,000 
watts and the reactive power is zero. The 2,000 watts 
is the maximum power for this particular current 
polygon. Now connect four resistances, each of 14.14 
ohms across adjacent pairs of line conductors. ‘The 
line currents are again 10 amp. The reactive power is 
again zero, but the active power is now 2,828 watts. 


770 


The 2,828 watts is not only the maximum power for 
this current polygon but it is the greatest power that 
can be developed by any load whose line currents are 
each 10 amp. If power factor should be defined as the 
ratio of the actual power to the maximum power that 
can be developed for the given ampere values of the 
line currents, the power factor of the first resistance 
load would be 0.707. This power factor would be the 
power factor of the load considered from a polyphase 
standpoint. Considered from the point of view of 
individual single-phase loads, the power factors are 
each unity. The first of these loads is unbalanced, and 
it is probably better to use two factors in describing it, 
viz., power factor based upon active and reactive power, 
and unbalance factor based upon symmetrical com- 
ponents. Thus it seems unwise to extend to polyphase 
circuits the conception of single-phase power factor, 
that is, that it is the ratio of the actual power to the 
maximum power for the given potential and current. 


CONCLUSION 


We have given definitions for potential, current, and 
active and reactive power which are independent of 
wave form and of circuit conditions. In order to use 
these quantities in circuit analysis when there are 
harmonics present, it is necessary to know their indi- 
vidual harmonic components. The value of the total or 
resultant quantity is not sufficient. By definition, 
single-phase power factor is a blanket factor which 
covers and so disregards any deviation in wave form 
from the sinusoidal. Thus it is not a quantity that can 
be used in circuit analysis when there are harmonics 
present. If polyphase power factor is defined as the 
ratio of the power to the magnitude of the vector volt- 
amperes it is likewise a useless quantity in circuit 
analysis if there are harmonics present. Furthermore, 
this definition of polyphase power factor makes it a 
derived quantity which depends upon the active and 
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reactive power. Even when there are no harmonics 
present so that power factor may be legitimately used, 
the circuit calculations are usually simpler if the loads 
are determined by their active and reactive powers 
rather than by their power factors. That is, as far as 
circuit analysis is concerned, power factor is a quantity 
whose retirement need scarcely be noted. 

There is, however, another and important use for 
power factor. There is a need for just such a blanket 
factor when specifying the character of power loads 
from a commercial standpoint, that is, when writing 
specifications or power rates. In that case it does not 
seem necessary that power factor should have a rigorous 
scientific definition such as has been given potential, 
current, and power, and can be given reactive power. 
In these quantities we have adequate means for specify- 
ing our circuits for the purpose of analysis. On the 
other hand, it seems best to consider power factor as a 
purely commercial quantity and to define it accordingly. 
It may be that the present definitions of single-phase 
and polyphase power factor are adequate. However, 
before the definition is written we should decide upon 
the status of power factor; whether it is to be classed as 
a scientific quantity like power, for example, or as a 
commercial quantity like load factor. In making this 
decision we should frankly recognize that if it is to be 
considered as a scientific quantity which is useful in 
circuit analysis, both the single-phase and polyphase 
definitions must be rewritten. If this is done, the 
resulting quantity will not, on the whole, be as useful 
in circuit calculations as the concept of reactive power. 
And furthermore, in this case the power factor will not 
be the useful commercial quantity which now appears 
in specifications and power contracts. 


Discussion 
For discussion of this paper see page 779. 
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Synopsis.—In the following paper, the character of the quantity 
known as reactive volt-amperes is first discussed and its dependence 
on the assumption of a definite type of periodicity is brought out, 
this in contrast to certain other a-c quantities. It is pointed out that 
on account of the rather complicated relation that it bears to the 
flow of energy in an electric circuit serious difficulties are met in its 
measurement except in the simpler conditions of balanced voltages, 
im a polyphase circuit, and sinusoidal waves. Two procedures are 
outlined which though they are not premised on balanced voltages 
have frequency and wave form limitations. 


ERTAIN of the quantities used to describe the 
phenomena associated with alternating currents 
require the postulation of a definite type of 

periodicity or a definite frequency in order to give them 
meaning. Among these are phase angle and reactive 
volt-amperes. Even with an almost haphazard charac- 
ter of oscillation, an alternating current may have a 
definite root-mean-square value provided the averaging 
is carried over a sufficient interval, but in stating a value 
of reactive volt-amperes, a definitely ordered frequency 
must be assumed. 

In the measurement of reactive volt-amperes or re- 
active volt-ampere-hours, we are concerned with quan- 
tities the definitions of which are dependent on the 
assumption of periodicity and which consequently can 
have definite values only when considered over inter- 
vals long enough to establish a definite character to that 
periodicity. In the ordinary case in which the fre- 
quency is constant and the measured quantities and 
their components show simple sinusoidal variation, the 
procedure for measurement need not be very compli- 
cated though the extreme simplicity of power measure- 
ment apparently cannot be attained. Most commercial 
devices for the measurement of reactive volt-amperes 
are designed on the assumption that the complications 
arising from a complexity in wave form may be neglected. 

If the problem at hand happens to be to measure a 
particular type of quantity, it is useful to know some- 
thing more about that quantity than the equation that 
defines it. The equation may be the residue remaining 
after numerous terms, that must be represented in the 
mechanism for measurement, have been eliminated. 

In the measurement of energy with the ordinary watt- 
hour meter, we integrate, with respect to time, the 
instantaneous products of current and voltage. In the 
measurement of power, using the ordinary wattmeter, 
we progressively average values that are obtained by 
integration. In the former, the integration is con- 
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In the latter part of the paper, the relation of the quantity of energy 
that surges in an a-c circuit in which there is energy storage, to the 
5 : . . 
average flow,of energy is considered, and advantages of this concep- 
tion as a basis for rates are indicated. 


Finally, it is pointed out that reactive volt-amperes is of the nature 
of a complementary quantity rather than a specific activity of the 
electric circuit which when suitably combined with power gives 
volt-amperes. 


tinued indefinitely; in the latter, the integration and 
averaging occur by reason of the inertia of the deflecting 
member of the instrument. In both measurements, we 
are dealing from instant to instant with components of 
power, 7.é@., instantaneous current and instantaneous 
voltage that are readily accessible in the electrical cir- 
cuit; the measured quantities have a meaning however 
short the chosen interval. 

In asingle phase electric circuit containing inductance 
or capacity, in each half cycle there is a storage and 
release of energy which is determined by the changing 
instantaneous values of current and voltage. An 
oscillographic wattmeter shows this as an ebb and flow 
of power in the circuit. Ina balanced polyphase circuit 
considered as a whole, the flow of energy may be ata 
perfectly uniform rate because the storage of energy in 
one part of the circuit is exactly balanced by the release 
of energy in another part; yet each conductor is the 
scene of a pulsation of energy. 

Assume sinusoidal voltage and current according to 
equations (1) and (2). Their product gives the power 
equation (3) which transformed, shows this product to 
be equivalent to the sum of two terms, equations (4) 
and (5). One term is an average value of the power and 
so independent of time. The second is a double fre- 
quency pulsation of power of which the average value 
over an integral number of half cycles is zero and which 
consequently closely approximates zero over any suffi- 
ciently long interval of time. 

If the time origin be so chosen that it falls exactly 
midway between the time of zero value of voltage and 
the time of zero value of current, the very simple form 
shown in equation (9) results. 

Instead of expressing the relation of the sinusoidal 
pulsation of power to the time origin as an angle, we 
may show this pulsation as the sum of two sinusoidal 
components, one passing through maximum, the other 
through zero value at time zero (equation (6) ). If also, 
we chose zero time to coincide with the time of zero 
value of either voltage or current, equations (7) and (8) 
result. These have the peculiarity that the coefficient 
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of the cosine term of power pulsation is the same as the 
first term of the equation, 7.e., the value of average 
power. As is also true in equation (6), the sum of the 
square of the coefficient of the double frequency sine 
term and the square of the coefficient of the double 
frequency cosine term is (E,,7J,,2) /4 or inrms quantities 
Bele. 

As indicated by these several equations, the content 
of the components that are due to the pulsation of 
energy is dependent on the choice of time origin. It is 
only when the time origin happens to coincide with the 
time when either the current or voltage wave passes 
through zero value that the terms in the power equation 
correspond to, and entirely separate, energy dissipation 
and energy surging; but the first term always gives 
average power. 

When the current and voltage waves contain har- 
monics, the average power is the sum of the averages of 
the power contributed by the harmonics individually, 
z.e., in the average power, there are no terms due to the 
product of components of different frequency although 
such products must occur in the equation for the 
instantaneous power. So, if we would express the surg- 
ing of energy due to the harmonics separately, we must 
in general choose a different time origin for each har- 
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monic. Otherwise, pulsation of power that corresponds 
to dissipated energy can no longer be separated from the 
pulsation due to energy stored. 


ck 1 
In equations (7) and (8), 9 EnIm cos ¢ and 9 Bode 


sin ¢ are coordinate insofar as they are the coefficients 
of two arbitrarily chosen components of the pulsation 


1 
of power. On the other hand, > EI, cos g as a mea- 


sure of the average value of power has no corresponding 
term in sin ¢g in the power equation. 


a 
We may assume a quantity 9 E,»Jm sin ¢ analogous 


1 : 
to 9 E.,Im cos ¢. This is a quantity such that its 


square when added to the square of the average power 
gives a quantity in E,, and I,, independent of the phase 
angle yg. In rms quantities, we have (HI? cos? ¢ 
+ EJ? sin? yg)” = EI. 

Using now rms quantities, EJ cos g has a real ex- 
istence in the circuit in that it can manifest itself as a 
measure of the reaction between simultaneously occur- 
ring fields, the one due to the current in the circuit and 
the other produced by a current proportional to the 
electromotive force. 

In contrast, ET sin g may be looked upon as involv- 
ing the concept of memory or prediction, 7.e., memory 
+ or — depending on the viewpoint.* To be more 
specific: HI sin g is the average value of products of 
instantaneous values of current each multiplied by that 
value of voltage that existed in the circuit 1/4 cycle 
earlier. In a 60-cycle circuit, each instantaneous cur- 
rent value must be multiplied by the value of voltage 
that existed 1/240 sec earlier. If the current and voltage 
waves contain harmonics, each harmonic must be con- 
sidered separately, 7.e., the instantaneous values of 
fundamental frequency current must be multiplied by 
the value of fundamental frequency voltage that ex- 
isted 1/4 cycle earlier. Each instantaneous value of 
third harmonic current must be multiplied by the value 
of third harmonic voltage that occurred 1/12 of a 
fundamental cycle earlier, etc. In a 60-cycle circuit 
containing fifth and seventh harmonics, products of 
pairs of quantities separated in time by intervals of 
1/240, 1/1,200, and 1/1,680 sec, respectively, must be © 
secured. Herein doubtless lies the practical difficulty | 
of realizing a theoretically correct procedure in the 
measurement of reactive volt-amperes or reactive volt- 
ampere-hours, for mechanisms that in effect have dis- 


*It is very desirable that a convention in regard to sign should 
be adopted. It is convenient usually to assume inductive re- 
active volt-ampere to be negative. Reasons for this convention, 
discussed from-the geometrical viewpoint, are briefly given in 
Appendix IT. 
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criminating memories, or something equivalent must be 
arranged to multiply, sum, and average quantities that 
have no simultaneous existence. 


It may be pointed out that each instantaneous 
product that goes to determine EJ sin ¢ is related 
simply by the numerical ratio tan ¢ with the cor- 
responding element which determines EJ cos y. How- 
ever, ¢ cannot have a valid meaning unless intervals of 
time sufficient to establish a definite periodicity can be 
taken into account which brings us again to the history, 
1.e., memory of what has been happening in the circuit. 

In contrast, p = e is the instantaneous value of the 
power whatever functions of time may represent e and 7. 
In a-c measurements, we are most frequently interested 
in average power, 7.e., power averaged over an integral 
number of half cycles or over a time so long that the 
variation of power within a single half cycle may be 
neglected. 


d 
The relation ae cos g = — sin g suggests a possible 


approach, but the quantities, current and voltage, are 
sine functions of time and therefore their derivatives 
with respect to time (which could easily be made use of 
in a measuring device) are proportional to frequency, 
while EI sin ¢ is independent of frequency. Indeed if 
the frequency can be assumed to be constant and the 
current or voltage wave simply sinusoidal, we may use 
the derivative of the voltage (represented by the current 
flowing in a highly inductive derived [capacitive] cir- 
cuit) to excite the potential circuit of an otherwise, 
standard wattmeter, and thereby secure a measurement 
of reactive volt-amperes. Harmonics, however, are 
represented in the reading of such an instrument as 38, 
5, 7, ete., times their real contribution, or if inductive 
reactance be used, but 1/3, 1/5, 1/7, etc., of their proper 
values appear. 

In asymmetrical polyphase circuit where the voltages 
or currents are simple sinusoidal functions of the time, 
. the simplest way to get a cosine function voltage for the 
measurement of reactive volt-amperes, to replace the 
sine function voltage used in the measurement of power, 
is by cross connections or cross transformations of the 
polyphase voltages. 

If the voltages are not symmetrical or at least if they 
do not maintain permanently an exact relation, properly 
displaced currents to represent the desired voltages may 
be obtained by the use of resistances together with 
capacitances as principal components of the voltage 
circuits of induction meters or by the use of reactive 
coils in the voltage circuits of electrodynamic types of 
meters or indicating instruments. This arrangement is 
equally applicable to single phase circuits and has the 
advantage that fora definite frequency the potential 
circuit current is entirely independent of any variations 
that may occur in the relations of voltage or phase of 


the polyphase circuit as a whole. It has the dis- 
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advantage that currents flowing in these circuits instead 
of varying inversely with the frequency as they should 
in the induction meter, or of remaining independent of 
frequency as they should in the electrodynamic types 
of apparatus, follow laws which cause errors propor- 
tional to the changes of frequency to appear. The 
corresponding energy and power meters give readings 
only slightly, or practically not at all, influenced by 
change of frequency. 

When only small changes of frequency are involved, 
it is possible to effect almost perfect frequency com- 
pensation by using capacitive and inductive circuits in 
parallel, but if irregularities of wave form are present, 
serious errors may be made to appear by frequency 
compensations of this general type. 

Another procedure that has much to recommend it 
is to introduce phase displacements in both current and 
voltage circuits; for instance, a 45-deg advance in the 
one and a 45-deg retardation in the other. To do this 
successfully requires great care in design for, in general, 
current circuits must be suitable for wide ranges of 
current; this requires that any reactances used in the 
current circuits shall have characteristics almost wholly 
uninfluenced by any iron that may be used. 

In the discussion that has been given so far, the 
difficulties connected with irregular wave forms have 
been mentioned only incidentally. It is probably true 
that the occurrence of large errors in the measurement 
of reactive volt-amperes or reactive volt-ampere-hours 
by reason of complex wave form is infrequent. This is 
because the simultaneous occurrence of greatly dis- 
torted current and voltage waves is unusual. 

If we are dealing with a polyphase circuit and make 
use of cross-phase connections to secure the displaced 
phase of voltage for reactive measurement, we find this 
condition: Assuming the voltage source so chosen that 
the fundamental is 90 deg behind that of the corre- 
sponding voltage used for power measurement, the third 
harmonic voltage will be displaced 3 x 90 deg backward, 
which is equivalent to 90 deg ahead, the 5th 90 deg 
behind, the 7th 90 deg ahead and so on. If there is any 
reactive volt-ampereage due to these harmonics, the 
amount due to the 5th, 9th, etc., will be properly added, 
while that due to the 8rd, 7th, 11th, etc., will be sub- 
tracted when it should be added. 

If a 10 per cent seventh harmonic voltage were ac- 
companied by a 90-deg displaced current of 5 per cent, 
the incorrect sign that would be given to the seventh 
harmonic contribution in the reactive volt-amperes 
would result in a 1 per cent error. But a 10 per cent 
harmonic in voltage is not met in modern generators. 
Even a large harmonic of current unless accompanied 
by an appreciable voltage of the same frequency 
contributes nothing to either the average power or to 
polyphase reactive volt-amperes, although they do 
contribute to the volt-amperes as measured in single- 
phase circuits. 

If the voltages of the polyphase circuit are unbalanced 
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or if we are concerned with single-phase measurement, 
the cross-phase arrangement for securing displaced 
phase excitation for the voltage circuits of meters or 
instruments is unsuitable or impossible. If the fre- 
quency is constant, recourse may be had to the use of 
altered potential circuits as already discussed. The 
substitution of resistances, or resistances and capacities, 
for reactances in the potential circuits of induction 
meters tends to exaggerate the contribution of the har- 


CURRENT 
COIL 


Fig. 1—Crircuits or Onz Form oF REACTIVE VOLT-AMPERE- 
Hour Meter anp AssociaTED VecToR RELATIONS AT FRE- 
quency N 


monics; the substitution of reactance for resistance in 
the potential circuit of an indicating instrument tends 
to minimize their effect. The reasons may readily be 
seen: In the induction meter the voltage circuit excita- 
tion should vary inversely as the frequency so that the 
eddy current strength may remain independent of fre- 
quency, but with the equivalent of a non-inductive cir- 
cuit, the current in such a potential circuit will be inde- 
pendent of frequency and a seventh harmonic eddy 
current, for instance, would be seven times too large. 
If, however, the seventh harmonic of current is small, 
the error might be unimportant. 

In the indicating instrument with an inductive po- 
tential circuit, components due to the harmonics become 
proportionately too small, 7.e., instead of being inde- 
pendent of the frequency, they are inversely pro- 
portional thereto. 

It is possible to imagine branched circuits, each 
branch resonant to a particular harmonic, the whole 
proportioned to give substantially correct current values 
for each of the harmonics at a chosen frequency, but the 
phase relations would be completely unstable and so the 
arrangement appears unusable. 

If the potential circuit of an induction meter is made 
up of non-inductive resistance in series with the 
customary inductive resistance and the current circuit, 
supplemented with additional inductance if necessary, 
is shunted by a non-inductive resistance, (Figs. 1 and 2) 
the various values of these circuit elements may be so 
chosen that the difference between the displacements of 
the currents in the potential and current circuits be- 
comes zero instead of the customary 90 deg. This rela- 
tion if true for any selected frequency is true for all 
frequencies when the inductive branch is pure 
inductance. 
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If at fundamental frequency, the displacement of the 
currents which represent voltage and current are each 
45 deg from the voltage and current respectively, the 
harmonic components of the reactive volt-amperes will 


be recorded in the ratio to their proper value 
n + —— 
n 
where is the order of the harmonic, 7.e., they will be 
greatly underrecorded. If, however, the 45 deg rela- 
tion is made to hold at double normal frequency or at 
triple frequency, the harmonics will be recorded in ratio 
to correct values as follows: 


Harmonicss. =... nae eee io ee) Aoth a) aa le § iret IS} 
45° adjustment at double 

frequency.ccce ais ee 1..1.13..0.86..0.66..0.53.. 0.44.. 0.33 
45° adjustment at triple 

frequsney: cs oe 1. 22505 51-47...1.21 -..1 700 2 On85> Oars 


If low frequency harmonics are prominent, the double 
frequency adjustment may well be chosen. If harmonics 
of consequence in the range 7th to 13th are present, the 
triple frequency adjustment should be considered. Cir- 
cuit arrangements just discussed involve losses in the 
meter much higher than those in the ordinary forms of 
induction meter, yet there are probably conditions 
where they would be advantageous. 
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Fig. 2—Imprepance oF PorentTriaL Crrcurt (LEFT) AND 
ADMITTANCE OF CURRENT CrrcuiT (RigHT) oF THE METER OF 
Fig. 1, ar FReqUENCY NN RELATIVE TO VALUES AT FREQUENCY N 
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The general absence of important harmonics in the 
voltage waves of commercial circuits, the approximate 
balance of their voltages, and the very great convenience 
of making use of regularly listed types of meters dic- 
tates the choice of regular watthour meters to be con- 
nected in circuit with suitable transformers for cross- 
phase connection for securing 90-deg phase displacement, 
as the most practical means of measuring reactive kva 
except in exceptional circumstances. 
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In the measurement of energy in a three-phase or 
analogous circuits using double-element meters, when 
the power factor is low, we encounter the condition of 
two relatively large torques opposing each other in the 
meter so that the balance between meter elements be- 
comes of great importance. Similarly, in reactive 
measurement when the power factor is high, balance of 
elements is of primary importance. Three-element 
meters do not suffer from such limitations. 

A form of measurement in which a composite quantity 
is secured, namely, a X watts + b X reactive volt- 
amperes can be effected by exciting the potential circuit 
of a wattmeter at a phase intermediate between that of 
the voltage and 90 deg therefrom. The phase once 
chosen and established by the proportion of resistance 
to reactance in the potential circuit, or otherwise, fixes 
the ratio of ato b. The readings of the instrument are 
then a X watts + b X reactive volt-amperes, and this 
remains true irrespective of the power factor. Meters, 
similar to watthour meters, in which this quantity is 
integrated with respect to time have found considerable 
use on this continent. 

Analysis of alternating-current phenomena is almost 
wholly built upon the ideas that a fairly equivalent 
representation of what occurs can be had by considering 
current, voltage, and power as simple sinusoidal quanti- 
ties with reference to time and that average rms values 
of these quantities are almost fundamental entities, at 
least in ordinary technical discussions. These ideas have 
lead to the conceptions of “‘apparent power,” “‘reactive 
voltamperes,”’ and ‘‘power factor,” all of which, but 
especially the last, have so enmeshed themselves in 
general and specific discussions of technical and practi- 
cal alternating current problems that, at least in the 
author’s opinion, the true significance of some ofthese 
more or less unreal quantities has become obscured; 
conceptions of reality have been built up around them 
that are the result of a free and easy use of terms that 
suggest and help to evaluate but very indirectly indicate 
_ what occurs. It is even possible that this has gone so 
far that fundamentally incorrect ideas actually are dis- 
torting technical understanding and diverting effort 
into wrong channels. The author has the impression 
that reactive volt-amperage generally is regarded as a 
measure of the surging of energy in an alternating cur- 
rent circuit. The relation to the latter will be discussed 
further. 

The flow of power in an electric circuit may present 
itself in various ways depending on the character of the 
circuit. The flow may be continuously in one direction 
and at a constant rate as in a steadily loaded d-c circuit; 
it may be continuously in one direction but pulsating 
as in the case of a circuit having a non-uniform, uni- 
directional voltage of any form provided there is no 
storage of energy; it may have a constant average value 
when averaged over a sufficient interval of time as in 
the case of a steady alternating current; or it may be 
entirely irregular. 
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Whenever the circuit contains inductance or ca- 
pacitance, with every change of current or voltage there 
is a change in the amount of energy stored in the system 
so that superposed on a more or less steady principal 
flow of energy there may be a surging of energy due to 
the increase and decrease of magnetic and of electric 
energy in the system. When the change of voltage is 
definitely periodic, this surging can be signalized as 
reactive volt-amperes and reactive volt-ampere-hours. 

With zero time chosen at random and with no other 
knowledge of the circuit than that given by the measur- 
ing devices at the supply end, there can be no distinc- 
tion between energy stored in the circuit and energy 
transferred outside except when the voltage is definitely 
periodic. For example, at the supply end of a d-c cir- 
cuit, no distinction can be made between energy used to 
build up a magnetic field and energy consumed in the 
same interval to supply [?R losses. 


Fig. 3—Sine-Wave VoLtTaGe, CURRENT, AND PowER CURVES 
with Current Laceine 40 Dec BEHIND THE VOLTAGE 


a-b-c-d represents times of power reversal 


\ ae ; 
a corresponds to ica in equation (13) 


1 
b corresponds to oN in equation (13) 

average power 

active component of current 
reactive component of current 


e-e voltage wave h 
f-f current wave i-i 
g-g power wave 
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In a single-phase a-c circuit or in each conductor of a 
polyphase a-c circuit, whenever there is storage of 
energy, the pulsation of power includes the reversal of 
the direction of flow of energy. This is a phenomenon 
that lends itself to exact and simple definition, for the 
quantities involved are the simultaneously occurring 
elements of current and voltage. No special interpreta- 
tion of the significance of harmonic inclusions is re- 
quired, for no assumption in regard to the type of 
periodicity need be made. 


If we rewrite equation (7) in the form 


pal bs m~m 


Dienn cos g (1— cos2wt) + 5) 


sin ¢ sin 2ut 


(10) 
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we observe that that portion of the power of which the 
coefficient is (E,,J,/2) sin g can have negative as well as 
positive values. The last term is positive during each 
alternate one-fourth cycle and negative during the other 
one-fourth cycles. However, taken by itself, this term 
gives no idea of the positive and negative flow of energy 
in the circuit except for the two limiting conditions, 
when ¢ is either 0 or 7/2. At intermediate values, the 
pulsation of positive power must be considered if we 
would evaluate separately the positive and negative 
flow of energy. 

At this point will be introduced a quotation from U.S. 
Patent No. 1,657,262 to Karapetoff, for which the appli- 
cation was filed Oct. 5, 1923: 


“Tt is the primary object of my invention to provide a metering 
scheme for low power factor loads which will be more readily 
understood by the average consumer and is based upon the 
assumption that any consumer whose installation causes out-of- 
phase current in the line is, in fact, a periodic borrower of elec- 
trie energy. During a part of the cycle he takes more energy 
than he needs, stores the excess in various magnetic fluxes in 
his apparatus, assuming the current to be lagging, and then re- 
turns it to the line during another part of the cycle. He is like 
a restaurant keeper who buys, say, one hundred pounds of meat 
in the morning and asks the butcher to take back twenty pounds 
in the evening.”’ 


In the early part of 1931, or just earlier, the author 
had tabulated much material corresponding to that 
which appears in the latter part of this paper. In the 
late summer of that year he had in view the securing 
of patents on certain instrument arrangements when 
the patent just mentioned (which was issued in 1928) 
was brought to his attention; thereupon further work 
on a proposed paper was discontinued. To round out 
this general discussion, the following observations seem 
to be in order. 

If an electrodynamic wattmeter is connected to an 
a-c circuit with a half wave rectifier in series with its 
potential circuit, another in series with its current 
circuit, and a third connected in reverse polarity 
around the current circuit of the instrument to insure 
continuity in the circuit as a whole, torque will be 
developed in the instrument only during those periods 
in which current flows simultaneously in both of the 
instrument windings. Four situations are possibly to 
only one of which the instrument so connected will 
respond. A condition corresponding to each situation 
will occur at least once in every cycle as follows: 


Voltage Current Power 
SE eer a cgi be Gere cet tre ih +.. Merdclcnensts tes + 
EOIN eo Tis, ley Oe LON hay Ney +.. Pes Baan _ 
Seven Rian aaa cece EM Paes GeO Smee eee Mee Ey eA Pe + 
ce aul ear en ga ate Para Poe a Par a ot oe ee atte See -- 


If now, four electrodynamic instrument elements are 
connected in the single phase a-c circuit through recti- 
fiers as just indicated, each of the four power quantities 
may be measured separately. If the voltage and current 
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waves are symmetrical, no interest would attach to a 
separation of (1) and (3), or (2) and (4), so (1) and (3) 
may be combined as a two-element electrodynamic 
instrument and similarly (2) and (4). Furthermore, 
with symmetrical waves, the energy flow corresponding 
to (1) would equal the energy flow corresponding to (3) 
so a single element could suffice for measuring positive 
flow and a single element for measuring negative flow; 
that is, by multiplying by two the reading of one ele- 
ment, and discarding the other. 

Moreover, the algebraic sum of the indications of the 
four elements averaged over an integral number of half 
cycles would give the same quantity as the reading of an 
ordinary indicating wattmeter, 7.e., the arithmetical 
difference between the positive and negative flow, so an 
indicating wattmeter connected in the ordinary manner 
supplemented by another instrument connected to 
indicate as per (2) or (4) would give all the information 
necessary to evaluate average positive power, average 
power, and average negative power. Reactive volt- 
amperes, volt-amperes, and power factor could be 
calculated from these readings if the power factor is 
constant and if the flow is sinusoidal. Ifthe wave forms 
are complex, a self-defining relation between positive 
and negative flow of energy results. 

The distribution of energy flow in the several divisions 
can be obtained by integrating the power equation with 
respect to time between limits determined by the 
epochs corresponding to the reversals of voltage and 
current. This will be illustrated in its relation to 
sinusoidal waves. 


p = EIcosg—ElI cos ¢cos2wt— EI sin gsin2 wt (11) 
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W,.+W; =~ El cos y — 5 El cos ¢ 
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EI sing (14) 
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Average positive power = average power — 
negative power 
Reactive volt-amperes = EI sin g 
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Average positive power = 


¢g 
( 1~— Beary ) average power 


1 
+ to reactive volt-amperes 


1 é 
Sin oi [(7— gy) average power + reactive volt-amperes] 
TABLE I 
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802 2..0°.985 700174. 703243 Ont 2e ve. 0.237 0.411 
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Column 2 gives reactive factor. Column 3 gives power factor. 
Column 6 gives ratio of average negative power to volt-amperes. 
Colmun 7 gives ratio of average positive power to volt-amperes. 


Table I gives a good idea of the relative magnitudes 
of the quantities under discussion. It is suggested that 
average positive power (column 7) could very well form 
the basis for rate schedules. It would introduce sub- 
stantially no penalty for power factor for values of the 
latter above 90 per cent, only slight penalty at 80 per 
cent, about 22 per cent at 50 per cent power factor and 
at zero power factor the rate would be based on a 
quantity just under one-third of the volt-amperes. At 
60-deg phase displacement, for each 100 units of net 
power consumed, 122 units are delivered and 22 re- 
turned, yet the reactive volt-amperes are 178, the volt- 
amperes 200. 

Average positive power may be measured directly or 
by the arithmetic addition of average negative power to 
average power. If evaluated by the latter method, 
comparatively rough measurements of the negative 
contribution would suffice unless the power factor is 
habitually low; especially is this statement true if the © 
power factor is generally fairly high. Similar state- 
ments may be made in regard to average positive energy 
flow, average energy flow and average negative energy 
flow. Whatever the character of unbalance or of 
wave form the measurement procedure just outlined 
leads to measurable quantities of an unambiguous 
nature that seem well suited to commercial use. Nega- 
tive power in its relations to positive power and average 
power represents a direct comparison of the actual 
activities in the circuit. 

By contrast, reactive volt-amperes is the measure of a 
quantity that does not appear in the circuit as such but 
is only the coefficient of an arbitrarily chosen com- 
ponent of power pulsation and has dimensions and 
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magnitude such that the equation W? + S? = EJ? is 
satisfied. (S°=' reactive volt-amperes. For complex 
waves D[W24+W2+...+582 4+92+...] 2 Hl). 
It is a sort of complementary quantity useful in calcu- 
lation. It connotes the defect that exists between actual 
and ideal utilization of the quantities of current and 
voltage appearing in the circuit. 

In what has been said, there is no intention to dis- 
parage the use of reactive volt-ampere measurements 
as a means of determining kilovolt«amperes in the 
measurement of demand. This last quantity (kva) 
undoubtedly has its field of usefulness. 


CONCLUSIONS 


1. Reactive volt-amperes are not to be identified 
with the coefficient of the sine term in the equation for 
instantaneous power. é 

2. Reactive volt-amperes is an assumed quantity, not 
a naturally occurring quantity. 

3. Itis related to average power through the product 
of the rms values of current and voltage. 

4, Certain quantities having to do with the surging 
of real power have properties that commend. further 
consideration from the viewpoint of commercial 
application. 

5. When the current and voltage waves are purely 
sinusoidal, the quantities referred to in 4 have easily 
stated, though somewhat complicated, relationships to 
the more familiar quantities reactive volt-amperes, 
power factor, and reactive factor. When the wave 
forms are complex the relationships are very much 
involved. 
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Appendix I 
It is interesting to examine the power equation in a 
more general form. 
e = E, sin (wt — ¢1) + Enz sin (8 wt — ¢s) 
+ Ens sin (bwt-— os) +... 
@ = Ini sin (wt— 6:) + Ing sin (8wt — 63) 
+ Ins sin (6@t— 65) +... 


(20) 


(21) 
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p = @ = Enylmi sin (wt — ¢1) sin (wt— 61) 

+ Enilns sin (wt — ¢1) sin (8wt — 63) (22) 
+ Enmams sin (wt — ¢g1) sin (6wt— 05) +.:. 
+ Em3lmi sin (Bwt — ¢3) sin (wt — 41) 

+ EnsIms sin (Bat — ¢3) sin (Ba@t— 03) +... 
+ Ens Im: sin (5 wt — gs) sin (wt — 6,) 

+ EnsIm3 sin (5wt — Qs) sin (wt — 6s) 

+ EnsIms sin (bwt— gs) sin (bwt— 65) +... 

Ein m1 


= ge [cos (1 — 61) — cos (¢1 + 41) cos 2wt 


mil ns 


E 
—sin (¢1+ 4;) sin 2w#] Taro. [cos (gi— 93) cos 2wt 


— sin (¢:— 03) sin 2wt — cos (¢g1 + 63) cos 4wt 
— sin (g; + 03) sin 4wi] +... 


Einsl mi 


9 [cos (g3 — 01) cos 2wt 


+ sin (¢3— 0) sin 2wt— cos (g3 + 81) cos4wt 
= sin (3 a 61) sin 4 wt] 

Einsl ms 
ao —9 _leos(¢s— 6;)—cos(¢s+ 63) cos but 


— sin (g3 + 03) sin 6wt] +... 


pal ie, 


9 [cos (gs — 61) cos 4wt 


+ sin (¢;— 6;) sin 4wt — cos (gs + 9:1) cos 6at 
— sin (¢g5 + 0,) sin 6wi] 


Einsl ms . O 
+- 9 __[cos(gs— 63) cos 2wt+sin (gs— 43) sin 2wt 
— cos (¢; + 93) cos 8wt 


Einsl ms 


= sin (Gs a 03) sin 8 wt] + 5 [cos (Gs ae 0s) 


— cos (¢5 + 85) cos 10 wt 


— sin (g5 + 45) sin 10wt] +... (22a) 
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Ae os 
Op m3t m3 
Pi 7 ag SOS (gi— 0:) + Tot Peue (g3 — 93) 
Einsl ms 
th oe cos (gs — 05) +... (23) 


It may be observed that but few terms are involved in 
the evaluation of average power, but in the pulsation 
and storage of energy, products involving the funda- 
mental and a large harmonic are of much more im- 
portance than those terms involving that harmonic 
alone. 
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With a purely resistance load, the resistance remain- 
ing constant through the cycle 


In this case, many pairs of terms could be combined 
since E',J; = H3M,, ete. 
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SIGN FOR REACTIVE VOLT-AMPERES 


The proper sign of reactive volt-amperes caused by 
the presence of inductance in a circuit should emerge of 
itself from a consideration of the previously adopted 
conventions for fundamental quantities. These are: 

1. The algebraic conventions for complex quantities 
and direction of rotation of time vectors. 

2. Definition of impedance as 


Z=R+ 9X 
where X is positive for an inductive reactance. 
From these two it follows that admittance Y is 


R aa X) 
Ze I Fe 


Y= 


Then power P may be expressed either as 


x 
RT 


P= WY = BP — jE 
or 
P = PZ = PR +jPX 


depending upon whether the voltage E or the current I 
is used as the original reference axis. Thus the sign of 
inductive reactive volt-amperes correctly may have 
either a negative or a positive sign but, to’avoid con- 
fusion, one sign should be established arbitrarily. 

The reasons which have led to the practice of plotting 
inductive reactive volt-amperes with a negative sae 
may be summarized as follows: 

1. Counter-clockwise has been established as the 
positive direction of rotation for voltage, current, and 
other vector diagrams. 

2. The great preponderance of multiple distribution 
involves a prevailing preference for a voltage reference 
vector (in voltage-current diagrams). 

_ 8. Since powers and reactive volt-amperes at equal 

voltages are proportional to the corresponding currents, 
it is desirable to have the corresponding diagrams 
recognizably similar, and the corresponding complex 
numbers with similar signs. 

4. With counter-clockwise rotation and a voltage 
reference vector adopted, consistency requires that lead- 
ing quantities be represented as counter-clockwise and 
lagging quantities as clockwise relative to the reference 
vector. 

"5. In all cases in which convenience dictates alterna- 
tives to the above arbitrary convention as, for example, 
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a current reference vector, this may freely be done by 
clearly specifying the conventions substituted. 

6. While theoretical reasons have been proposed to 
show why either one or the other of these conventions 
can logically be used, when these are examined carefully 
it does not appear that the argument on this basis can 
be made conclusive for either convention. 

Articles appearing in contemporary literature show 
a surprising difference in point of view from which the 
sign of inductive reactive power may be determined 
and about an equal division between those favoring a 
negative sign and those opposed to it. However, it is 
recognized by all that an arbitrary convention is de- 
sirable and, since one convention may be applied as 
easily as the other mathematically, that one should be 
chosen which clearly is more advantageous from a 
practical standpoint. 


Discussion 
REACTIVE POWER CONCEPTS IN NEED OF 
CLARIFICATION 
(KNowLton) 


REACTIVE AND FICTITIOUS POWER 
(SMITH) 


POWER, REACTIVE VOLT-AMPERES POWER FACTOR 
(ForTESCUB) 


OPERATING ASPECTS OF REACTIVE POWER 
(JOHNSON) 


REACTIVE POWER AND POWER FACTOR 
(Lyon) 


NOTES ON THE MEASUREMENT OF REACTIVE 
VOLT -AMPERES 


(PRATT) 


L. A. Doggett: The writer makes the following reeommenda- 
tions: 

1. Considering the typical modern system, we agree on the 
assumption that there is but one type of reactive power, that 
associated with the storage and discharge of magnetic energy. On 
that basis a survey of the active and reactive power in the various 
parts of.a system would yield a record somewhat as follows: 


Survey 
Receiving Supplying 
Active Reactive Active Reactive 
power power power power 
Part IR FEBS I?R TAG 


A synchronous motor either may receive or supply reactive 
power, thus defined. A static condenser always supplies reactive 
power. This recommendation is in agreement with the sugges- 
tions of Mr. J. A. Johnson. 

2. As to the sign to be attached to reactive power of the mag- 
netic type: consistency with the convention of counterclockwise 
rotation of vectors and with the conventions of polar coordinate 
analytical geometry calls for the negative sign in front of 7Q, 
when jQ represents reactive power of the magnetic type. This is 
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developed at length on pages 29-31 of the writer’s ‘‘A-C Analysis 
by the /2R—I?X —I?Z Method.” (Edwards Brothers, Inc., 
Ann Arbor, Michigan, 1933.) 

3. Recommend for all cases, sinusoidal or otherwise that 
YE,I, sin 9, be made the standard definition for reactive power 
for both single phase and polyphase cases. 

4. Recommend that in all cases the apparent power be defined 
as 


V ZEpln cos 6,2 + TEnInsin 0,2 
which is not always the same as the product of the voltmeter 


and ammeter readings. 
5. Recommend that power factor be defined as 


DE,ln cos 6, 
apparent power 


where apparent power is as defined in (4). 


Note: These definitions obviate the necessity of the terms - 


“‘fietitious power,”’ ‘‘deforming power,” and ‘‘distortion power.” 

On the basis of the foregoing definitions the writer has worked 
out a fairly complete analysis of a wide range of alternating cur- 
rent problems; also a great deal of experimental work with non- 
sinusoidal eases, all of which have led to the adoption of these 
definitions. They have been incorporated in the booklet in the 
foregoing reference. The validity of the law of conservation of 


D-C LOAD 


Fig. 1 


reactive power as well as the law of the conservation of active 
power has become so well established in the writer’s mind that 
it is applied here tentatively to the study of the mercury are 
rectifier, with the results indicated in the following table. 


TABLE I 

{tem cage LED 
(1) RAD ENUE Ueto eae Mts as PN «AY Enc Seay yA clos SOL a2 we ah 157.5 
ics CD CEUIDEAG feos c re, cites, Oke Tons up (oavillh sa DUN Rea cena 606.0 
RS Re iene ey. os a tia dlc he Yun e cows ole 2 180.0 
(4)... Transformer 

PEC Recetas CMS hy sr43, 2d lace, ta iA eaters ce ey eo OOe 28.0 

ON ee ane re eat ice Ee ah ok SS Suc 36.6) ens 28.0 
(5)...Transformer 

PPD Ee CAR ant aa thay sui eh cay SE OPE 20 Go! threes 28.0 

DLA ett Aer SS A tu MOO shee Eee ea 2055)» «Berens 28.0 
alee: COOLG LOSS 8 sic: firs, ooh Rees a eee At Pas sts hee te 3.0 

ACZCIATION Mics Sets tele a api a, av APRS ocr nee 4.0 
Cen OubpuG, Osseo 3.0 eile ow ane etna: Ge 909.54 Joes 116.0* 


(1) By wave analysis up to and including the 7th harmonic. 
>P?R = >(P, + P3 + Ps + P;), also by wattmeter. 
>PX == (Qi + Qs + Qs + Qz). 
(2) From oscillograms. 
(3) From oscillograms, vacuum tube voltmeter, and wattmeter. 
(4) I?X from d/dt of (44LI*), where L = the inductance of RN, LN. 
(5) J? from oscillograms. 
*Approximation in assuming L constant for all types of current values 
and shapes. 
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These results were obtained by Mr. R. B. Tomlinson in con- 
nection with a Master’s Degree thesis at the Pennsylvania State 
College. Oscillograms of all voltages and currents were taken. 
Fig. 1 shows the location of the oscillograph current vibrators; 
the letters apply to Table I. 

To sum up, the writer believes from experience that reactive 
power follows a law similar to the law for the conservation of 
energy. Professor C. D. Busila says that reactive power is not 
conserved in exchanges between circuits of different frequency, 
for example, between the rotor and the stator of the induction 


Fig. 2—INsTANTANE- 
ous VALUES OF VOLTS, e 


AMPERES, AND POWER 
FOR A PHASE ANGLE OF [2X 


ZERO DEGREES BE- 
TWEEN VOLTAGE AND 
CURRENT. AVERAGE 
VALUE OF POWER IS 
EmIm/2. INSTANTANE- 
ous Power 1s PRoPoR- 
TIONAL TO INSTANTANE- 
ous PHasz-TORQUE 


( 


motor. With this statement the writer is not in agreement. 
This opinion is based on the erroneous assumption that the re- 
actances of stator and rotor are separate entities. As a matter 
of fact, as brought out in Still’s ““Elements of Electrical Machine 
Design,”’ 1932 Edition, pages 473-478, the reactance of an induc- 
tion motor is 95 per cent or more associated with the stator. In 
the past it has been customary for convenience in transformer 
treatments of induction motors to split the reactance equally 
between stator and rotor. 

Frank W. Godsey, Jr.: The half-formed idea in the minds of 
some operators that reactive power is a fictitious quantity repre- 
senting a mathematical convenience is in error. Harmonic 
power fluctuations in single-phase circuits are increased with 
inereases in phase displacement between current and voltage. 
With a fixed load, the demand upon flywheel and governor of the 
prime mover rises with increases in phase angle in order to main- 
tain stability of operation. Maximum mechanical forces on 
windings, supports, and insulation rise; and supersynchronous 


Fig. 3—INSTANTANE- 
ous VALUES oF VOLTS, 
AMPERES, AND POWER 
FOR A PHasE ANGLE OF 
45 Decrees BETWEEN 
VOLTAGE AND CURRENT. 
AVERAGE VALUE OF 
Power 18 Eyl m/2.828. 
INSTANTANEOUS PowER 
Is PROPORTIONAL TO IN- 
STANTANEOUS PHASE- 
TORQUE 


torque variations in shafts and couplings increase, resulting in 
changes in load on bearings and fittings. (See Figs. 2 and 3.) 
Assuming a superposition principle and obtaining total volt- 
amperes through a summation of the products of individual fre- 
quency components of the voltage multiplied by their respective 
current components, a true power factor as at present defined 
would be obtained by dividing power by total voltamperes. 
However, the only readily available measuring instruments give 
true power, effective volts, and effective amperes. Where only 
the current for instance, has harmonies as in a non-linear re- 
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sistance load, the power factor may be unity. And yet as caleu- 
lated from power factor = P/EI, the result always will be less 
than unity. Therefore, the old conception of power factor is too 
ponderous to use except in the special case of sine wave voltage 
and current. 


It has been suggested that a distortion factor be applied in 
eurrent, voltage, and power factor measurements to make possi- 
ble a reconciliation with reactive power measurements. This 
again is a subterfuge that is applicable only in a specific case 
and under fixed conditions. A distortion factor is an added 
complication to an already confused situation. 


Reactive power in single-phase circuits is readily measured 
with meters ordinarily available, and since the voltage waves in 
most circuits are very close to sine waves, the measured reactive 
power will not include any terms due to current harmonics as 
these will cancel out over a complete cycle. Therefore, the writer 
suggests that the term reactive power in single-phase circuits 
refer only to the fundamental frequency component of the re- 
active power, and that when both current and voltage waves have 
harmonies that the total reactive power component be called the 
total reactive power. 


It appears that most of the difficulty in evaluating power 
factor lies in the attempt to carry over into the non-sinusoidal 
circuit the convenient relations existing in the special case of 
sinusoidal voltage and current waves. Since there can be no 
reconciliation between reactive power, true power, and power 
factor except in special cases, the obvious remedy is to abandon 
any attempt to make such a reconciliation. 

Station operators dispatch real power and reactive power over 
a system, not power factor. The power salesman is very much 
interested in power factor because of the larger investment in 
operating plant required for low power factor loads and increased 


operating losses incidental to that condition; therefore power , 


rates should be and are higher for low power factor loads. The 
user of power is interested in power factor for the same reasons 
as the power salesman, and has an incentive to watch load charac- 
teristics in order to take advantage of a lower rate. 


Therefore, it appears that the only individuals interested in 
power factor calculations are the men who adjust power rates. 
Why not then, as referred to in Mr. Knowlton’s review of the 
subject, banish power factor from the academic circle and change 
its definition in such a way that it fulfills all of the requirements 
of the rate adjusters without attempting to serve a post on the 
technical and operating staff? Reactive power and real power 
fill all the requirements of the mathematician and operator, and 
Fourier series describes non-sinusoidal voltages and currents 
accurately. 

A reasonable solution would be to multiply the effective value 
of current by the effective value of voltage to obtain the maxi- 
mum demand for plant investment. Dividing the real power 
measured in the circuit by this product would give a power 
factor = P/E.;;xI-57, which is a real measure of the customer’s 
utilization of the operating plant demanded by his load. It has 
no significance with respect to reactive power except in special 
eases, and is not intended for any use except the evaluation of the 
utilization efficiency of a power consumer with respect to the 
operating plant required to supply the load. It is independent of 
“distortion factors’ and reactive power measurements, but it is 
accurate in evaluating required plant investment and operating 
losses. 

Going now to the case of polyphase systems, we find that for 
the balanced system with sine wave voltages and currents, the 
same conditions apply as in the single-phase case. Again, the 
writer suggests that reactive power refer only to the fundamental 
frequency component of the out-of-phase power; this is the value 
usually measured by rkva meters since voltage waves seldom 
have large harmonies. Let the entire out-of-phase component 
be known as the total reactive power as in the single-phase case; 
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if a further description of a particular case is necessary, oscillo- 
grams must furnish it in almost every instance. 

In ealeulating average power factor for a polyphase system, 
effective phase voltages should be multiplied by effective phase 
currents of the same frequency and the products added to obtain 
total kilovoltampere required of the generating plant. Dividing 
the total measured power by this sum gives power factor, which 
has no mathematical significance, but accurately expresses the 
plant utilization efficiency of the load and is a measure of line 
losses. In most industrial loads the voltage supplied by the 
power company is close enough to a sine wave that through the 
geometry of the circuit phase voltages are known after a few 
simple ealeulations. 

The problem of metering such circuits is relatively simple 
since effective values of current and voltage are to be measured. 
Efficient thermo-couple instruments are available which will give 
correct results, and rectifier type meters may be used in the 
majority of cases to measure kilovoltampere without serious 
error. In the average polyphase system, it is sufficient to totalize 
all effective currents either in a thermal element, rectifier outputs, 
or some similar method, and the potential coil of the kilovolt- 
ampere meter is supplied through a rectifier in a suitable voltage 
phase to measure kilovoltampere. 

Suggested changes are tabulated as follows: 


SINGLE PHASE 
Reactive power—Fundamental frequency component of the out-of-phase 
power component. 
Total reactive power—Total out-of-phase power component including 
the fundamental. 
Power factor—Power divided by the product of effective volts by effec- 
tive amperes, with no relation to reactive power except in special cases. 


POLYPHASE 


Reactive power—Sum of fundamental frequency components of out-of- 
phase power components for all phases. 

Total reactive power—Sum of total out-of-phase power components in- 
cluding the fundamentals for all phases. 

Power factor—Total power divided by the sum of the individual products 
for the several phases of effective phase voltages by effective phase currents 
respectively, with no mathematical significance with respect to reactive 
power except in special cases. 


Fie. 4 


V. Karapetoff: This discussion considers the problem of 
power factor from a purely practical point of view, namely that 
of feasible measurements in unbalanced polyphase industrial 
circuits. Any definition of power factor that cannot be realized 
with fairly simple practical measuring instruments will remain a 
dead letter; on the other hand, a definition that may not be quite 
rigorous theoretically may prove to be of great practical useful- 
ness if the corresponding measurements are simple and can readily 
be understood by the average operating engineer. 

To illustrate this proposal by a concrete example, consider a 
large three-phase are furnace with the currents in the three phases 
not balanced and containing appreciable higher harmonics. Also 
assume for the sake of generality that the terminal voltages are 
somewhat distorted in magnitude and phase and are not quite 
sinusoidal. The neutral point will be assumed to be not accessi- 
ble. Let a clause in the contract with the operating company 
prescribe a graduated penalty for low power factor. The ques- 
tion is to determine the average value of the power factor for a 
day, a melting cycle, a month, ete. 
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For a contrast, consider also a simple single-phase laboratory 
cireuit consisting of a constant resistance and constant induc- 
tance in series and connected to a strictly sinusoidal source of 
voltage of constant magnitude and frequency. Let the nature 
of the circuit apparatus be such that the current also is strictly 
sinusoidal. The power relations are represented by the familiar 
triangle in Fig. 4, in which, by a commonly accepted definition, 
the power factor is equal to the cosine of the angle @. This 
triangle may be constructed by performing one of the following 
6 sets of measurements: 


(1) #,J,and P (4) , E, and I 
(CO) Eeleandees (5) g@andP 
(3) PiandiPs (6) @and P, 


In this table # is the effective value of the terminal voltage, 
as read on a voltmeter, J is the effective value of the current 
read on an ammeter, and P is the average power read on an indi- 
cating wattmeter. P, is the so-called reactive power, read on the 
same wattmeter with the current in its potential winding 
“quadratured,’”’ that is, displaced by 90 degrees from its phase 
when measuring P. Reactive-power meters are used in practice, 
and methods for quadraturing the shunted current are well 
known. The angle @ is determined by means of a power-factor 
meter, of which there are several types on the market. The 
table simply gives the 6 ways in which the right-angle triangle in 
Fig. 4 may be constructed, knowing 2 of its parts. Assuming 
the instruments and the readings to be accurate, the same tri- 
angle will be obtained from any of the 6 combinations of data, 
and the theory involved is well understood by most operating 
engineers. 


An irregular polyphase circuit, such as that of the above- 
mentioned are furnace, has no intrinsic or scientific power factor. 
If for some practical reasons it seems desirable to introduce such 
a concept, it must largely be a matter of definition and agree- 
ment. Of course, the definition must be such that for a balanced 
sinusoidal n-phase circuit this definition will agree with that in 
Fig. 4, because such a symmetrical cireuit may be split into n 
independent identical single-phase circuits. Moreover, the 
practical requirement of averaging values over an appreciable 
interval of time, and sometimes of measuring the maximum de- 
mand as well, makes the use of integrating instruments manda- 
tory. 

Let us therefore consider again the foregoing table of 6 sets of 
measurements and ask ourselves which of these could be general- 
ized for use with an are furnace by means of integrating instru- 
ments. It will be seen at once that all the combinations involving 
E, I or © are less suitable or desirable, partly because of lack of 
proper instruments, and partly because we do not know what 
the ‘‘total volt-amperes”’ might be in such a circuit with higher 
harmonics and with an inaccessible neutral. This leaves the 
combination (3), with P and P, to be measured by watt-hour 
meters. Measurement of P is standard in practically every 
installation, leaving only the question of P, to be considered. 

It is proposed for the purposes of defining and computing the 
value of the power factor on an unbalanced polyphase circuit, 
even with non-sinusoidal currents and voltages, that the reactive 
power or energy be defined as the reading of a polyphase watt- 
meter or watt-hour meter with its potential windings quadra- 
tured. By quadraturing in this case is meant providing such 
connections that the shunt currents actually would be shifted by 
90 degrees in phase when the applied phase voltages become 
balanced. With unbalanced and unsymmetrical voltages the 
actual shift in phase may be different from 90 degrees. This, 
however, is foreseen in the above definition, the actual reading 
of the meter under such conditions being meant, without any 
change in connections or other compensation. With P and P, 
reading directly on two integrating watt-hour meters, the triangle 
in Fig. 4 becomes determined, thus making it possible to compute 
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the ‘‘equivalent’’ values of the angle @ and the total volt-amperes 
EI. The simple practical procedure would be to determine tan 
@ = P,/P, and to find the corresponding cos @ from trigonomet- 
ric tables, without constructing the triangle. For various prac- 
tical methods of quadraturing meters see, for example, the 
writer’s ‘‘Experimental Electrical Engineering,’ Third Edition, 
Vol. II, pp. 139-143. 


The foregoing solution of the problem may be ealled an 
asymptotic solution in that the value of the power factor, so 
determined, asymptotically approaches the recognized scientific 
value as the polyphase circuit in question becomes more balanced 
and the currents and the voltages more nearly sinusoidal. The 
method involves no new instruments or connections and no new 
theory, and simply is based on an agreement to continue to call 
the readings of a reactive volt-ampere meter “reactive power,” 
even when the circuit becomes unbalanced and the currents and 
the voltages contain higher harmonics. Of course, on such cir- 
cuits types of meters should preferably be used which give fairly 
accurate values of true power even with appreciable higher har- 
monies in the currents and the voltages. It is believed that the 
best meters now on the market satisfy this requirement within 
reasonable limits. 


While offering the foregoing solution of the problem so long 
as the profession and the industry desire to retain the concept 
of power factor, even on complicated unbalanced polyphase 
circuits, for characterizing such circuits and determining energy 
rates and penalties, the writer believes that such circuits should 
be characterized by more than one factor. The degree of un- 
balance for real power, for reactive power, and for phase cur- 
rents, the various peak demands, distortion of the terminal 
voltages, higher harmonies in the currents—all of these are 
separate ‘‘misdemeanors” and should be penalized individually. 


_A separate measurement of true and reactive power of positive 


and negative sequence (four meters with maximum-demand 
attachments) would be a step in the right direction and would 
enable the consumer to analyze the conditions in his plant and 
possibly to improve them. A somewhat different solution for 
unbalanced circuits, based upon the concept of “circulating 
power,” has been developed by the author and described in the 
U.S. Patent 1,566,879, of December 22, 1925. 

R. D. Evans: Several of the papers have discussed the sign 
to be associated with inductive reactive volt-amperes. The 
most rational choice, in the writer’s opinion, is to associate the 
sign for the flow of reactive volt-amperes with the sign for the 
flow of real power, as pointed out by Mr. Johnson in his paper. 
It generally is accepted that the positive sense of power flow is 
from the generator to the resistive load; similarly, for reactive 
volt-amperes the above convention gives for the normal positive 
flow of inductive reactive volt-amperes from the (over-excited 
generator) to the inductive load. It is felt that there is a very 
decided advantage in using the same positive sense of current 
flow for both power and inductive reactive volt-amperes. From 
this point of view, the user of electric service may be charged for 
power at one rate and reactive volt-amperes (inductive) at another 
rate. If the opposite convention were employed, it would be 
necessary to charge the user for the inductive reactive volt- 
amperes which he supplies to the system. 

The above convention as to reactive volt-amperes also corre- 
sponds to the signs commonly associated with magnetic energy. 
There also is some use of an expression giving the difference of 
inductive and capacitance stored energy with the positive sign 
corresponding to inductive reactive volt-amperes. Another form 
that this argument takes is that power is equal to RJ? and, there- 
fore, reactive volt-amperes is XJ? and since R + jX is the ac- 
cepted convention for impedance (R + jX)J*® should represent 
both dissipative power and reactive volt-amperes. The inverse 
proposition of representing power as (G@ + 7B)? is held to be of 
no moment because impedance is an accepted convention and 
admittance is a derived quantity and defined as the reciprocal 
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of impedance in the latest rules of the American Standards 
Association. 

Doctor Fortescue in his paper has employed vectors to repre- 
sent the instantaneous values of total power, dissipative power, 
and energy flow in reactive elements of the circuit and these 
quantities, of course, also give average values of volt-amperes, 
power and reactive volt-amperes. He also points out how the 
instantaneous time variation in these quantities is represented 
correctly for the series cireuit. While the relative time variation 
of these quantities varies with the type of network under con- 
sideration, yet these circuits may be represented, in so far as the 
power supply is concerned, by means of the equivalent circuit in 
the series form. In view of the fact that most circuits are of the 
series form in which the dissipative power reaches its maximum 
ahead of the instant of maximum stored energy, it is felt that 
Doctor Fortescue has introduced an additional reason for plotting 
power diagrams in the form P + 7Q for an inductive resistance 
load circuit. 

In favor of the opposite convention, there appears to be essen- 
tially only one argument, that of the convenience in associating 
lagging current and lagging reactive volt-amperes. It is believed 
that this association is unfortunate as it does not correspond with 
the physical facts involved in the flow of energy in the simple 
series circuit involving resistance and inductive reactance. It is 
suggested that instead of the association of lagging current with 
lagging reactive volt-amperes, it is preferable to consider the 
sign of the flow of inductive reactive volt-amperes the same as 
for the flow of real power, which appears to be a simpler relation 
than one which seems to be of somewhat more fundamental 
nature. 

J.J. Smith: In dealing with the subject of apparent power, 
Professors Lyon and Smith give a satisfactory definition for the 
single-phase case where the apparent power becomes the product 
of the voltage across the circuit and the current in the circuit. 
It then is shown that the apparent power can be divided into 
three components which may be identified as real power P, re- 
active power P,, and distortion power Pg. This definition of 
apparent power may readily be extended to the case of a balanced 
polyphase system by writing it in the form—apparent power 
=.pEyI 
where 

Ey is the voltage from each line to neutral 
I is the current in each line 
p is the number of phases 


This extension involves recognizing a balanced polyphase circuit 
as made up of p single-phase circuits. 

When the polyphase circuit is unbalanced, a new factor arises, 

which has to be taken care of. The definition suggested in both 
of these papers for apparent power (the maximum power ob- 
-tainable when the phases and wave forms of the currents and 
voltages are varied in every possible manner consistent with 
Kirchhoff’s law, the effective values remaining constant) suffers 
from a number of disadvantages. The definition may involve 
very complicated equations in finding out what the maximum 
power is; also the solution may require physically impossible 
circuits. For example, even in the simple-looking ease illustrated 
in Fig. 2 of Professor Lyon’s paper it will be found that in order 
to determine the value of R given in Fig. 28 it is necessary to 
solve two simultaneous equations in R, one of which is of the 
4th order and the other of the 8th order; furthermore, one of 
these resistances comes out negative. Such drawbacks compli- 
cate the practical use of the definition. 

From the standpoint of application, it therefore seems neces- 
sary to have a more practical definition. All commercial circuits 
primarily are designed to be balanced systems, and thus un- 
balanced voltages or currents mean that the supply system is 
not being utilized in the most effective manner. A definite single 
value can be taken for the voltages since they are fairly well 
balanced in most eases. In the case of the currents, there does 
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not seem to be a logical reason why, in varying their phase and 
wave form to find the maximum power, the magnitudes of the 
currents in the lines should not also be varied, subject to the 
condition that the current in any line should not exceed the 
current in the line which is a maximum under the given condition 
of operation. This leads to a definition of apparent power which 
is based upon equal effective currents in all the lines and may be 
stated as follows: 


Maximum apparent power = pEN maz! maz 
where 


p is the number of phases 


Ex maz is the maximum rms voltage from any line to neutral, 
corresponding to the maximum phase-to-phase rms 
voltage in a balanced system 

and 

Imaz is the maximum rms current in any one line. 

This definition has the advantage that the quantities involved, 

namely voltage and current, are directly measurable and the 

result may immediately be obtained from the product of these 
quantities. It also cannot give rise to impossible circuits con- 
taining negative resistance, ete. 

Doctor F, B. Silsbee proposed a similar definition in a paper 
entitled Power Factor of Polyphase Systems presented before the 
A.J.E.E. in 1920. Unfortunately this particular definition was 
not included in the abstract published in the TRANSACTIONS of 
the A.I.E.E., Volume XX XIX, 1920, p. 1465. 


C. C. Herskind: The definition of power factor is discussed in 
connection with the ideas advanced in the various papers in this 
symposium. 

Referring to Professor Smith’s paper, equation (1) furnishes 
a sound basis for discussing the single-phase circuit. From this 
relation we may define the apparent power for a single-phase 
circuit as the product of volts and amperes. If the quantity 
LEI n cos 0, is used to define the real power and the quantity 
DE,In sin 0, the reactive power, the remaining term in the 
equation may be called the harmonic or distortion power. The 
apparent power in a single-phase circuit may then be expressed 
by the relation 


Ey? = Pay =P?+P24+ Pe 
Inasmuch as power factor for a single-phase circuit is now 


and as this 


je 
defined in the A.I.K.E. Standards by the ratio P 
ap 


ratio includes all the factors which may arise in a single-phase 
circuit, the writer believes that this definition should be retained 
instead of adopting the one proposed by Professor Smith, 


P/~P? + P,?, in definition 5 in his paper. The power factor of 
a single-phase circuit then is 
Pi wi Ps eee 
Pop EL VP?+P2+P# 
In order to be consistent with this definition of power factor, 
reactive factor and harmonic factor may be defined by 


iPS Pa 
ai 


Power factor = 


if desired. 

In the ease of polyphase circuits the present A.I.EH.E. definition 
is unsatisfactory. Reviewing the A.I.E.E. definitions we find 
that power factor in polyphase circuits is defined as the ratio of 
total active power to the total vector volt-amperes where the 
total vector volt-amperes is the square root of the sum of the 
squares of the total active power and the total reactive power. 
The total reactive power is defined in turn as the algebraic sum 
of the reactive powers, LZ,In sin 8p, corresponding to the sepa- 
rate harmonic components of the system. This definition does 
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not take into account the effect of the distortion power which 
is due to the presence of harmonies of non-corresponding fre- 
quencies, that is, the definition of the vector volt-amperes con- 
siders only the real power and the reactive power. From the 
analysis of the single-phase circuit we have found that the 
apparent power is defined by three quantities, namely the real 
power, reactive power, and distortion power. 

In view of the increasing use of vacuum-tube devices in power 
applications, it is important that the effects of harmonics on any 
definition of power factor be fully understood. In the past, 
unbalance power has been a source of trouble in determination 
of power factor and therefore it should also be covered by the 
new definition. In order to take these factors into account, it is 
believed the power factor in a polyphase circuit should be defined 
as P/ Pan: 

When the polyphase system is balanced, with distortion 
present, the apparent power may be determined the same as for 
the single-phase cireuit by replacing the polyphase system by 
its component single-phase circuits. 

Difficulties have arisen in the definition and determination of 
apparent power when the polyphase system is unbalanced. 
Some of these difficulties have been discussed by Professor J. J. 
Smith, who has suggested a definition for a maximum apparent 
power. If this definition for apparent power is accepted, the 
power factor in the case of unbalanced polyphase circuits will be 
an overall factor expressing the ratio of the actual loading with 
unbalanced currents to the maximum balanced load which could 
be obtained with the same maximum current. The definition 
of power factor then includes the effects of wave displacement, 
wave distortion and unbalance; to take these effects into account 
separately, it may be desirable to make further definitions. The 
merit of such a definition of apparent power lies in its practical 
usefulness, whereas other definitions of apparent power at the 
present time have only an abstract mathematical significance. 

C. H. Sanderson: Mr. J. A. Johnson’s paper presents a clear 
and logical view of a subject which is far from being clear and 
logical to the majority of our operators. Their major problem is 
efficient and safe overall system operation in which load control 
and voltage control are prominent factors. Karly in their experi- 
ence they learn that the active or useful power circulating in the 
system has a companion, or an opponent, variously called re- 
active power or wattless power or useless power. And they come 
to know that, given the proper facilities, they can so dispatch 
these two kinds of power as to make some real use of the latter 
in the proper control of the system. 

Naturally, given his own choice, the operator would prefer to 
consider inductive reactive power as a positive quantity always. 
It is confusing to him, lacking the mathematical background, to 
think in minus quantities and to consider the dispatching of 
minus quantities of power. Moreover the vector representation 
of these power components as given in other papers of this sym- 
posium indicates that plotting of inductive reactive volt-amperes 
as positive is more natural and logical. 

The system of reasoning presented by Mr. Johnson, which may 
commonly be applied to any portion of the power system under 
any condition of power flow, and which permits a further simplifi- 
cation of instrument indications and log records will no doubt 
receive the hearty endorsement of all system operators. 

C. A. Corney: The adoption of the conventions proposed by 
Mr. Johnson in his paper would simplify the discussion and 
handling of reactive power. In the past there has been consider- 
able confusion due to the fact that individuals as well as groups 
of operating men have built up their own nomenclature and con- 
ceptions which were fundamentally sound but differed in the 
manner in which the terms were applied and to the point of 
reference. For example, it is essential to know whether ‘“‘lag’’ 
or “‘lead”’ is with reference to the bus or to the incoming line. 
Thus one group would consider reactive power in terms of the 
effect which it would have on its generators while another would 
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consider purely its academic properties. Thus the parties to a 
discussion would talk at cross purposes until one or the other 
became aware that each was using a different basis. Each would 
be fundamentally correct, but naturally each party would be- 
lieve its conception was the better and would oppose any change, 
and the difficulties of handling the flow of reactive power would 
persist. 

In the early days of interconnection in New England, there was 
a considerable amount of this confusion and talking at cross 
purposes particularly at the system operators’ meetings which 
contributed to the difficulties of voltage regulation and line 
loadings. 

Within the writer’s organization we have tried to clarify dis- 
cussion by comparing interconnecting lines with over-and under- 
excited generators, but even here it has been necessary to take 
time to explain this basis. : 

It would require some time, of course, to convert our present 
conceptions over to Mr. Johnson’s conventions, but after a short 
period of use these would become convenient and familiar terms. 
At least we would all have a common nomenclature for handling 
reactive power which is an important faetor in successful inter- 
connection. 


Michel G. Malti: This discussion is concerned with reactive 
power in polyphase cireuits. Consider a p-phase circuit and let 
there be (p — 1) wattmeters connected (Fig. 5) such that the 
current in wattmeter (a) is 7; and the voltage across it is ep1; 
the current in wattmeter (6) is 72 and the voltage across it is ep... . 
and finally the wattmeter (p — 1) has the current 7,_; and the 
voltage €p(p-1). From the definition of power it may be proved 
that: 


T 
1 , : : 
a om f [epiti + pate +... epcp-1)t(p-1)] dt (1) 
0 
If p wattmeters be connected so that each reads the power per 
phase either in a star circuit (Fig. 6) or in a mesh cireuit (Fig. 7) 
the equations for power are respectively: 


T \ 
1 
Pa fie if (€o121 + Coote +... Coptp) dt (2) 
+ 4 
1 ls 
P= apie ti (@12t12 + €aste3 +... @pitpi) dt (3) 
0 


It may be proved that equations (1), (2), and (3) are identical 
and that they are most general and apply to any number of 
phases, any wave form, any condition of balance or unbalance, 
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and any difference in phase between e and 7. In other words the 
(p — 1) wattmeters connected as shown in Fig. 5 give the total 
power in a p-phase circuit under all conditions. [Editor’s Note: 
For proofs of this see ‘““Measurement of Energy of Polyphase 
Currents,’ by A. Blondel, Proc. International Elec. Congress, 
Chicago, Ill., 1893, pp. 112-7 (published by A.1I.E.E.) and 
“Bleetrical Measurements’ (a book), by F. A. Laws, first edition, 
1917, MeGraw Hill Book Co., p. 1917.] 

Now let us use (p — 1) wattmeters to measure power (active 
and reactive) in p-phases. Let these wattmeters be connected 
as shown in Fig. 5. Each wattmeter shall consist of one current 
element having a resistance shunt and three voltage elements. 
One voltage element shall consist of a non-inductive resistance R, 
the other of an inductance L so adjusted that, at fundamental 
frequeney, its reactance Xz: shall be numerically equal to R; 


and finally the third element shall consist of a capacitance C so 
varied that its reactance Xci, at fundamental frequency, also 
shall be numerically equal to R. These elements shall be so 
arranged that they can be switched into the circuit independently 
so that when the voltage coil of the wattmeter is actuated by a 
eurrent flowing through any one element the other two coils are 
open. Let the voltages corresponding to R, L, and C be respec- 
tively €p1, €p2, - - - @pi’, Cp2’ . . . and @p1", €p2” . . . . Then the 
sum of the power readings when the resistance element is used 
will be given by equation (2), and the sum of the readings of the 
inductance and capacitance elements will be respectively: 


ih 
1 . : 
P, = wn if (€o1't1 + eo2/t2 +. « - €o3'tz) dt (4) 
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di 
1 
Pos = —f (@01"%1 + €92" 09 + en ha €03'%3) dt (5) 
0 


We shall define the polyphase reactive power as: 
ea =P Pe (6) 

Now examine the consequences of this definition. 

Note that equation (4) corresponds to equation (2). More- 
over if €91, €92. . . are non-sine voltages and if 7), 72,. . . are non- 
sine currents, then the result of substituting a Fourier series for 
the voltages and currents in equation (2) is to give the total 
power in all the phases due to all the harmonies. Thus, upon 
integration equation (2) becomes: 


P= > > Enln cosQn (Z) 
p n 


Where the summation is to be done first for all the harmonies n 
of any one phase and then for all the p-phases. 

Now equation (4) is identical with equation (2) and should 
yield similar results except for the following two points of 
difference: 

(1) }, in equation (7) now becomes’. 

(2) E,J, in equation (7) has to be divided by n because Xz 
varies as the order of the harmonic. Consequently the current 
flowing through the voltage element of the wattmeter is (1/n) 
times that flowing through the non-inductive resistance element. 


In 


Fra. 8 


With these two modifications equation (4), after integration, 


reduces to: 
E_In 
P,’ = > S —— coshy (8) 
n 
Dp n 


Similarly equation (5) reduces to: 


P= > = NE pI n COSP n” (9) 
Pp n 


Now in order to find the relation between @n, Pn’ and dy” 
refer to Fig. 8, and note that: 


gn’ = 90° +n (10) 
Gn” = 90° —On 
Hence: 
cos,’ = (11) 


— sing ? 


cosPn” = sing,” 


Substituting equations (11) in (8) and (9) and the latter in (6) 


we have: 
Bal 
P, = x > “ 
n 


sind, > nEnInsing, (12) 
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Expanding equation (12) we obtain: 
VP 


| ; 
NS a21,28ind n+ > (~+ os ) 2 wl mbit sing sin »(a) | 
n 


V > m 


(b) 
(13) 
The following has been suggested as a possible definition of 
reactive power: 


= V/ (2 E,In sin Pn)? ={ M? 


P= Eli Sin On (14) 
Squaring equations (13b) and (14) and subtracting we have: 


) | E mt paldicallen Sin D m sin Dy, (15) 


m 


The value of M (equation (15) ) depends upon the following: 


1. The order of the harmonies m and n. 
2. The magnitudes of the harmonic voltages and currents. 
3. The values of sin @, and sin @ m. 


Fia. 9 


It must be observed that M is a summation of a set of products 
any one of which might be positive, negative or zero and that 
the value of M depends upon the value of the summation and not 
upon the special value of any one of these products. It is, there- 
fore, conceivable that the value of M may be very small even 
though the values of the separate terms in the summation be 
large. This oceurs when the sum of the positive terms (equation 
(15) ) is approximately equal to the sum of the negative terms. 


Now since 
(= +) >9 
n m 


any one term in the summation will be positive if sin @» and 
sin @, have opposite signs and negative if they have the same 
sign. 

The definition of reactive power (equation (13) ) is open to the 
least objections of any, so far proposed, for the following reasons: 

1. The method of measuring # and J is practical because line 
voltages and currents are obtained easily and power is obtained 
according to the standard practice except that each wattmeter 
has to have three voltage elements instead of just one. 

2. To the practical engineer the method of computing reactive 
power from the readings so obtained is very simple. (See equa- 
tion (6) .) 

3. Since equation (14) is a purely arbitrary definition of re- 
active power, and since it is open to objections from the stand- 
point of measurement, there appears no reason why equation 
(13) which is equally arbitrary but easily measurable should not 
be adopted as the definition of reactive power. 

4. Equation (13) does not presuppose the resolution of non- 
sine waves into their harmonics before reactive power can be 
determined as is the case with equation (14). 

5. Equation (13) is not open to the objections, both theoreti- 
eal and practical, to which the A.I.E.E. standard definition is 
open. 

The power factor of a polyphase circuit is defined as follows: 


Ee 


VP? +P? ve 


Power factor = 
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Where P is the power measured (Fig. 5) by using the non- 
inductive resistance R in the voltage element and P, is defined 
through equation (6). 

B. E. Lenehan: It is customary to represent the cyclic varia- 
tion of the instantaneous values of an alternating voltage or cur- 
rent by the projection of a line rotating once a cycle on one of the 
axes. Usually the vertical axis is chosen. The vector diagram, 
as commonly constructed, shows the relative positions of these 
lines at one point in the eycle. Usually one vector is most im- 
portant and is directed horizontally to the right and called the 
reference vector. Fig. 9 is a vector diagram of an inductive 
circuit taken at the time the voltage is passing through zero in an 
increasing direction. 

Power, as is shown in the papers, has two components; a steady 
value, and an alternating component of double frequency. Fig. 
10 shows a set of such vectors at the same instant of time as in 
Fig. 9. The point A corresponds to voltage zero and B to current 
zero. At these points, the power input to the circuit obviously 
is zero. If we try to locate the point in the power cycle where 
the instantaneous reactive power, as defined by Professor Lyon, 
is zero, we encounter difficulties. Obviously, it is zero when the 
current in the inductanee is zero. In a series circuit, this is point 
B in Fig. 10. In a parallel circuit, the instantaneous reactive 
power is zero when the voltage is zero, which is point A in Fig. 10. 
It is found that in order to evaluate the vertical component of 
the stationary part of the power vector, we must know the de- 
tails of the circuit. However, the rotating part of the power 
vector is not dependent on the circuit details. 

For an inductive cireuit, this component has the direction of 
P — jQ when voltage is used as reference and P + jQ when cur- 
rent is used as reference, which is entirely in agreement with 
common practice. 


Fig. 10 


Until we standardize on using either voltage or current as a 
reference vector in making vector diagrams, there is no choice 
between P + 7Q and P — jQ for inductive loads. When the 
reference vector is chosen, the sign of Q is or should automatically 
be determined. It is the same in direction as the vector not used 
as reference. If the components of the voltage and current 
vectors are taken on the horizontal axis instead of the vertical 
axis, the sign will be the same as that of the current or voltage 
vector. 

H. S. Baker: At the present time it is quite customary to use 
certain meters to measure a certain quantity which we have been 
unauthoritatively calling ‘‘reactive volt-amperes.’”’ From this 
we have built up the custom of calculating what we have been 
unauthoritatively calling ‘‘power factor.” 

Now since it appears impossible to define the exact meaning of 
reactive volt-amperes or power factor as applied to complex 
circuits of bad wave form, and since there is no hope of such a 
definition being of any practical use (even if agreed upon), should 
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we not continue to do our metering and billing in the customary 
manner but use some other terms (if necessary) than reactive 
volt-amperes and power factor for those physical quantities now 
actually measured and used in billing? 


W. M. Goodhue: Professor Lyon in his paper refers to the 
“Coneept of Instantaneous Reactive Power.’ Now this is 
identically the instantaneous power of the quadrature component 
of current, ete. Does this not suggest that it is the duty of re- 
active power not to supply energy storage but to circulate in- 
stantaneous power (since the average of the reactive power is 
zero)? In common with the viewpoint just stated, there is the 
practical occurrence of large circulating reactive-power of trans- 
formers on the ‘“‘pump-back test”’ (with lagging or leading secon- 
dary currents), where the amount of stored energy involved 
(mainly the fluxes in the transformers) is negligible on considering 
the enormous reactive power in the primary and secondary loops. 
In this example, the reactive power actually is traveling in an 
endless chain composed of both primary and secondary lines (as 
links) joined together at each end by the transformers. Mathe- 
matically, reactive power will of course be defined in a special 
way to expedite circuit analysis; in particular the term quadra- 
ture volt-amperes is significant. 


It is stated in the paper that a potential of one frequency and a 
current of another frequency produce neither active nor reactive 
power. That statement begs the question, being dependent on 
definition; particularly, it is possible to have magnetic stored 
energy produce reactive power between voltage and current of 
two different frequencies even in a linear system. For example, 
a rectifier smoothing inductance has an enormous instantaneous 
power between the direct-current and the alternating-current 
voltage (the voltage ripple impressed on the inductance), which 
may amount to 20 times the ordinary alternating-current reactive 
power between the alternating-current component (the current 
ripple), and the alternating-current voltage. This power is 
circulated between the inductance and the alternating-current 
line, through the rectifier. Since, as explained, reactive power 
means fundamentally the circulation of the portion of instantane- 
ous power having zero average value, the direct current—alter- 
nating-current voltage instantaneous power is a reactive power, 
in this ease, of a magnetic field, and to avoid confusion, may well 
be named cross-reactive power. On the alternating-current line 
supplying the rectifier, this cross-reactive power appears again, 
this time between harmonics (higher than fundamental) of the 
line current and the fundamental of the voltage (phase of equiva- 
lent Y). The change between the two kinds of cross-reactive 
power is of course physically performed by the rectifier itself. 


Summing up, there should be three kinds of reactive power, 
fundamental (lagging, leading), cross-reactive power, and har- 
monic reactive power (between components of the same fre- 
‘quency if existent); any of the three may be caused by energy 
storage of various kinds (including mechanical inertia), or may 
circulate in an endless path. 

The first, or ordinary fundamental component type, is con- 
cerned, practically speaking, with excitation, and the power 
factor definition in terms of total ordinary reactive power may 
well be called the excitation factor: 


Excitation factor = 
total active power 


¥ (total active power)?+ (total reactive power)? 


The other two kinds, cross-reactive power and harmonic-re- 
active power, are concerned vitally with the heating effects 
(copper loss, and core loss) and so affect the ratings and cost of 
equipment. On the basis of heating, there is an interesting 
definition of power factor of a three-phase line: 


Se 
Power factor = —————————————— 
Nid ae Be lee wae ae Ve tea oe 


PRATT: MEASUREMENT OF REACTIVE VOLT-AMPERES 


~] 
oO 
| 


where 
P = total power, all 3 phases 
I, ete., are line rms currents 
Va ete., are line rms voltages 


Assuming an alternator having equal stator copper resistances, 
the stator copper loss is proportional to [42 + Ip? + Ic? in the 
presence of both harmonies and quadrature currents. The core- 
loss and field loss (due to main flux, not armature reaction), tend 
to vary as the voltage squared (true for linear systems), so that 
Va? + Vp? + Vc? is used for symmetry and simplicity of the 
formula. 

S. H. Wright: Considering reactive power from the system 
operator’s standpoint, the writer firmly believes that much is to 
be gained in system operation by treating all reactive power as 
inductive-reactive power—as described by Mr. Johnson. 

Considering reactive power from the viewpoint of those engi- 
neers who deal with calculations involving vector diagrams and 
complex numbers, there is divided opinion as to whether in- 
ductive- or capacitive-reactive power shall be taken as + 7Q. The 
following discussion of this matter emphasizes a fundamental 


TIME FOR 
\/ VOLTAGE OR CURRENT CYCLE 
2 


1 
INPUT ' 


Fie. 11 


A—Voltage and current waves 
B—ei (instantaneous) power wave 
C—i2?Rpowerwave _ 
D— (Inductive) reactive power wave = 
ei —12 
*Wave of inductive reactive power leads 


v EACTIVE POWER 
the i2R wave by 4 of a power cycle. i-é 


=et-i7R 
TIME ——~ 


concept which the writer believes should be given considerable 
weight in coming to a conclusion. This same concept is described 
in different form in Doctor Fortescue’s paper; it is believed that 
the following presentation will aid in giving a clear concept of the 
fundamentals involved. Discussion is limited to single-phase 
quantities and pure sine waves. 

Consider an air-core reactor having resistance and inductive 
reactance of the same order of magnitude. Apply voltage e, 
obtaining current 7, as in Fig. 11a. Determine the variation of 
(instantaneous) power with time, such as by an instantaneous 
power element of an oscillogram, obtaining Fig. 11B. There is 
nothing fictitious about the power wave in Fig. 11B. It is not only 
the product of instantaneous values of e and 7; it is an indis- 
putable record of power, which, it is noted, is predominately 
input but periodically output. 

Let us now separate this power wave into two components. 
The 222 component is known to be the wave in Fig. 11C, which is 
in phase with the current wave. Let us subtract this 227R wave 
in Fig. 11c from the total power in Fig. 118, obtaining the wave 
in Fig. 11p which obviously is the wave of reactive power. In 
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other words, the two components, 7?R in Fig. 11c and reactive 
power in Fig. 11p, when added give the total power in Fig. 11s. 

It is evident that a power cycle is half as long as a voltage or 
eurrent cycle. It also is evident that the reactive power wave leads 
the 2R wave by one-quarter of a power cycle. Similarly, it can be 
shown that for a cireuit containing resistance and capacitance, 
the reactive power wave lags the 72k wave by one-quarter of a 
power cycle. 

In view of the above, it appears fundamental and logical to 
designate inductive reactive power as + jQ. 

W. H. Pratt: The problem of the measurement of the various 
derived quantities that are discussed in the papers involves a 
deeper examination of them than is indicated by their convenient 
designation as #, J, HI, ¥ H?I? — P?, ete. 

While every form of electric manifestation is potentially a key 
to some measurement process, the number of electric quantities 
that can directly be measured is limited. This js due largely to 
the fact that many of the quantities we would like to measure do 
not occur naturally. When this is true, there is no such thing as 
direct measurement of such except in the sense that the simplest 
possible procedure shall have been chosen. 

We can have currents that from instant to instant almost 
exactly represent other currents that form parts of our formulas. 
By the use of noninductive resistances, we can obtain currents 
that from instant to instant very closely represent voltages. By 
the use of highly inductive circuits, we obtain currents that 
closely represent the indefinite time integral of a-c voltage, while 
by the use of capacity, currents representing the derivative of 


voltage with respect to time are secured. By combinations of | 


derived circuits, higher integrals and multiple derivatives may be 
represented by currents. Similarly, integrals and derivatives of 
currents may be represented by other currents. 


The instantaneous product of pairs of simultaneous values is 
secured by the reaction between simultaneously occurring fields. 
Integration of products and averaging may be secured by utiliz- 
ing mechanical inertia or thermal capacity. Ordinarily the 
former gives the more vivid response. Thus, if we would secure 
the value of J, the operation corresponds to 


D 
afr 
1 
b-—a 
a 


and every element in this formula is represented in the measuring 
device, two fields each, from instant to instant, proportional to 
the value 7, their product by the mutual reaction of these fields, 
integration and averaging by the inertia of the moving system of 
the measuring instrument, and finally the extraction of the 
square root by the arrangement of the marking on the scale. 

To measure such quantities as EJ, or voltampere-hours, or 


y E’J? — P? the problem becomes increasingly complicated. So 
far as measurement is concerned, the expressions given in the 
preceding sentence are only titles. If we would see what is 
involved, they must be written in terms of the fundamental 
quantities that are accessible in the circuit. 


Thus: 
josey? ie ih eaaa 

en fe \ fe 
ae e dt errr 2 dt 

a a 


voltampere-hours = 


So. De) alae 
<i. ( aueew ta At 
Bee Ne aes og z 
a a 
The At signifies that while the time must be finely subdivided 


the quantities within the parenthesis can hardly be considered 
as having instantaneous values. 
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It seems almost impossible to set up a corresponding expression 
for the general case of reactive volt-amperes. This implies that 
exact measurement of it may be impossible. For the restricted 
cases that are ordinarily measured, assumptions are made out- 
side the formula, which resembles that for power. 

Relatively simple mechanisms are available for performing all 
the operations that have been so far indicated, but their assembly 


to effect a measurement such as y #?J? — P? makes a very im- 
posing array. Nevertheless unless approximations, often danger- 
ous, are accepted, every element, quantity, and operation, must 
be correctly represented in the measuring device. 

The bearing of the foregoing on the present problem is this: 
Many of the quantities that are being discussed look so innocent 
yet are in fact so complicated that their practical realization as 
measured quantities is not likely to be undertaken except under 
exceptional circumstances. If then, without a sacrifice of funda- 
mental aceuracy of conception, a choice is possible, the simpler 
should by all means be chosen. It will be complicated enough. 

Arthur A. Bolsterli: To the practical engineer who views 
reactive power and power factor chiefly in their commercial 
aspect and who is not unaware of the difficulties encountered in 
trying to acquaint power customers with the elusive and to them 
wholly mysterious concepts of power factor and reactive power, 
the multiplicity of facts and aspects presented in the symposium 
must be little short of bewildering. Did any of the familiar con- 
cepts stand the acid test of scientific scrutiny and how is the 
matter to be explained to the power consumer in the future? 

To anyone, however, who has been following the discussions 
carried on during the last few years under the leadership of the 
Roumanian group of engineers the divergence of views in evi- 
dence in the symposium is less surprising. The subcommittee on 
reactive power is faced with issues of singular intricacy. While 
the commentary to the Roumanian questionnaire has illuminated 
the problems involved from many angles, the symposium throws 
new light on them, and even though the conclusions arrived at 
in the various papers seem still far from being unanimous, it is 
nevertheless evident that progress is being made towards ending 
the deadlock that came into being when the International Elec- 
trotechnical Commission in its 7th general meeting at Stockholm 
in 1930 rejected all the proposals for the definition of reactive 
power. 

The subject is presented in the symposium in turn from the 
point of view of power dispatching, circuit analysis, and metering. 
It is unfortunate that the viewpoint of power economies should 
not have been presented with equal weight, as it is second to none 
in practical importance. 

It is clear, for example, that whatever the eventual definition 
of reactive power will be, it will not materially affect the power 
dispatcher, because he can neglect with impunity the refinements 
around which the whole argument revolves. For this reason 
power dispatching as a viewpoint cannot contribute materially 
towards finding the correct answer to the arguments. 

Power economics on the other hand has a decisive bearing 
upon the subject. In fact it is necessary, as Professor Lyon 
points out, to decide at the outset as to whether the definitions 
sought shall serve primarily the commercial ends of power 
economies or the scientific aims of circuit analysis. 

In my opinion the choice is not entirely open. Both Professor 
Smith’s and Professor Lyon’s presentations, although largely 
concerned with circuit analysis, fail to suggest solutions that 
radically solve all difficulties. 

Professor Smith essentially subscribes to Budeanu’s proposals 
which have been widely discussed abroad. Professor Lyon con- 
cludes that power factor is useless in circuit analysis in the 


vat s b-—a b—a 
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general case. Equally useless is for these purposes the concept 
of resultant reactive power for all frequencies combined. The 
conclusion seems warranted that circuit analysis not only can 
do better without the concepts whose definitions are sought, but 
does not furnish a basis for logical or even convenient definition. 


The only alternative left seems therefore to attempt these 
definitions by leaning on the clues found in power economics, 
even though this may result in relegating power factor to the 
plebeian neighborhood (using Mr. Knowlton’s expression) of load 
factor, ete. 

Before elaborating further on this last aspect a short discussion 
is given on Professor Smith’s paper. The introduction of dis- 
tortion power is an ingenious mathematical artifice to restore, 
in the general case, the orthogonal relation that exists between 
apparent power, reactive power, and real power in the case of the 
sinusoidal single-phase circuits. The fact that three-dimensional 
space has to be resorted to for representing the new relation offers 
no practical difficulties. 

Professor Budeanu’s concepts, advocated by Professor Smith, 
are of real practical value in those cases where either the voltage 
or the current is sinusoidal, while the other quantity is non- 
sinusoidal. It is a coincidence that an apparatus whose current 
is non-sinusoidal, but whose impressed voltage is generally 
sinusoidal, is becoming increasingly important, namely, the 
mercury are rectifier. It is amenable to analysis by this method 
which consequently assumes considerable importance. Attention 
is called to an article by H. Rissik! where this application is 
treated exhaustively. 

If both current and voltage are non-sinusoidal the concept 
of distortion power becomes devoid of physical meaning as well 
as elusive to measurement, representing, as it does, a sum of 
products of the rms values of voltage and current harmonies of 
different frequencies. Its introduction nevertheless is necessary 
as a mathematical expedient if reactive power is defined as sug- 
gested in Professor Smith’s paper and the orthogonal relation 
(HI)? = P? + Pf is to be retained. As the distinction between 
reactive power and distortion power is at best arbitrary in the 
general case, and both can be determined only by the laborious 
process of harmonic analysis of oscillograms, the difficulties of 
applying the new concepts to power loads are easily realized. 

It is apparent that the necessity for the concept of distortion 
power isthe result of a compromise necessary if the fundamental 
relations that hold true for reactive and apparent power in the 
sinusoidal case are to be preserved and expansion into Fourier 
series is resorted to in tackling the general case. Once this is 
realized the ground will be cleared for a truly general attack on 
the problem that is not prepossessed by concepts specifically 
adapted to sinusoidal circuits. A significant step in this direction 
~ has been made by S. Fryze? who has developed for the ease of 
single-phase circuits the relations between current and voltage 
and their products without restriction as to wave shape, except 
that both current and voltage are periodic functions of time: 

e=f (t) i= g(t) period = T 
This manner of analysis presents a novel viewpoint and is be- 
lieved to be of sufficient importance to justify a brief description 
hereunder. 

The underlying idea is to start from well defined and easily 
measurable quantities only and do without Fourier series. 

After defining the rms values of voltage, current, and power, 
by formula identical with those given on the first page of Pro- 
fessor Lyon’s paper, Fryze defines the power factor as 


P 


ae EI 


(1) 


where P is real power (average over cycle) and J and £ are the 
rms values of current and voltage. From a mathematical 


1. Journal I. E.E., May 1933, vol. 72, p. 435. 
2. E.T.Z., vol. 53, 1932, pp. 596, 625, 700. 


PRATT: MEASUREMENT OF REACTIVE VOLT-AMPERES 


789 


theorem (“Ungleichung von Schwarz’’) it follows directly that 
the power factor defined by (1) obeys the relation: 


neal (2) 
and that the condition for its reaching unity value is: 


é 


Sean R = const. (3) 
or in other words, the power factor becomes unity when, and only 
when, at every instant, the current is proportional to the voltage, 
2.e., When the current and voltage waves have the same shape. 
If the ratio of simultaneous instantaneous values, as expressed by 
(3), is not constant, but a function of time, the power factor 
must need be smaller than unity. 


Both current and voltage are now resolved into a real and a 
wattless component, whereby the wattless component of current, 
for example, is characterized by the condition that its product 
with the instantaneous voltage integrated over a complete period 
is zero. The partial functions thus obtained are found to be 
orthogonal, and by forming their rms values the validity of the 
quadratic equations: 


EB? = E,? + E,,? (4) 

A leon Lan (5) 
as well as 

1 Poe Teo eae (6) 


is established, in spite of the fact that both voltage and current 
are of quite general wave shape. 

In order to arrive at a physical interpretation of these formal 
equations, Fryze proceeds to investigate the functions: p = e7 


e : : 
and r = —— which he resolves into wattless and power com- 
v) 


ponents and then integrates over a period. The resulting equa- 
tions show that the general alternating-current load can be repre- 
sented by the series or parallel connection of two elements of 
load, one of which behaves as a constant resistance whose value 
is determined solely by P and J (or #), while the other has the 
character of a periodically varying resistance having a value 
determined by Py, and J (or #). The former is termed the 
‘active’ element of load, the latter the ‘‘wattless’’ element of 
load. The wattless element of load is characterized by the fact 
that its energy consumption over a complete period is zero, and 
the general expression for wattless power is represented by the 
product of the rms values of current and voltage across the termi- 
nals of a wattless element of load. The investigation stops at 
these terminals as the rational boundary and does not inquire 
into the question as to whether the wattless power of the load is 
due to variable resistance, to the presence of electric or magnetic 
fields, or to counter emf’s. 

The quantity P,» in Fryze’s analysis has the same meaning as 
that known as wattless, idle or reactive power in the case of 
sinusoidal wave forms. In terms of Professor Smith’s terminol- 
ogy for the non-sinusoidal case, Fryze’s “‘wattless’’ power cor- 
responds to “‘fictitious’’ power. As the orthogonal equation 

PPh en By ee Bae : 
follows quite naturally, the necessity of distinguishing between 
a distortion and a reactive component of fictitious power—which 
is impossible of practical attainment in the general case—is 
obviated. 

Apparent power, real power, and wattless power are again 
combined to a rectangular triangle, as in the sinusoidal case, 
with the difference that the angle no longer represents a phase 
displacement. The International Electrotechnical Commission 
definitions drawn for sinusoidal currents (7th general meeting 
1930) become at once applicable to the general case. 

In Fryze’s analysis the positive (capacity) and negative 
(reactance) character of wattless power no longer exists in the 
sense it does for the sinusoidal case. 
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As the sole criterion for the presence or absence of wattless 
power emerges equation (3), 7.e., wattless power is present unless 
current and voltage have the same wave shape. The term watt- 
less power is here preferred as it is more descriptive than fictitious 
power and as the term reactive power should be reserved to the 
special case where wattless power is due solely to reactance. 

It is concluded further than an infinite number of voltage and 
current wave shapes will result in the same rms values and the 
same power factor. 

The extension of Fryze’s method to the general polyphase 
load should meet with great interest. 

The correlation between the above analysis and power eco- 
nomics becomes apparent when the problem is investigated as to 
what relation must exist between the general wave forms of cur- 
rent and voltage if a given power is to be transmitted through a 
circuit of constant resistance with the condition attached that 
the losses shall be a minimum.* It is significant, and no mere 
coincidence, that this relation turns out to be identical with the 
condition derived by Fryze (equation (3) of this discussion), for 
the absence of wattless power. 

Thus wattless power in its most general form is shown to be 
the cause of extra losses in the transmission of power. Power 
factor is found to represent a measure of power efficiency in trans- 
mission and distribution, the utilization factor of a given circuit. 
Both power factor and its concomitant, wattless power, owe their 
importance to the economies of power transmission. It now turns 
out that in their very essence the economic element is less elusive 
than the physical. 

R. G. Lorraine: Articles appearing in contemporary litera- 
ture show a surprising difference in point of view from which the 
sign of inductive reactive power (inductive volt-amperes) may be 
determined and about an equal division between those favoring 
a negative sign and those opposed to it. Even the four papers 
presented at this symposium which specifies a convention are 
equally divided. However, it is recognized by all that a single 
convention is desirable. 

The proper sign of reactive power caused by the presence of 
inductance in a circuit should emerge of itself from a considera- 
tion of the previously adopted conventions for fundamental 
quantities. These are: 

1. The algebraic conventions for complex quantities and direec- 
tion of rotation of time vectors. 

2. Definition of impedance as 


Z=R+jX 
where X is positive for an inductive reactance. 
Asa corollary, admittance (Y) is 


R eG 
es Ue: 
Then power P may be expressed as either 
; xX 
12d BEA 3 IOP Zz — jE? 7 
or 12 EVA Ii OPED, 


depending upon whether the voltage H or the current J is used 
as the original reference axis. Thus the sign of inductive reactive 
power correctly may have either a negative or a positive sign but, 
to avoid confusion, one sign should be established arbitrarily. 

The reasons which have led to the practice of plotting inductive 
reactive power with a negative sign may be summarized as 
follows: 

1. The great preponderance of networks in which the voltage 
is known as a function of time has led to a prevailing preference 
for a voltage reference vector (in voltage-current diagrams). 

2. The established convention of counter-cloekwise rotation 
to indicate the positive progression of vector quantities in time 
requires that leading quantities be represented as counter-clock- 


*Rissik, loc. cit. 
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wise and lagging quantities as clockwise relative to the reference 
vector. The significance of leading and lagging power factor is. 
established by this convention. 

3. The significance of leading and lagging power factor carried 
over to the power diagram makes capacitive reactive power 
positive. 

4. Since power and reactive power at equal voltages are pro- 
portional to the corresponding currents and when expressed as 
per unit quantities are equal in magnitude, it is desirable that the 
corresponding complex numbers of current and power have the 
same sign. 

The last consideration is of great convenience in network 
calculations. 

There are, of course, situations in which it is more convenient. 
to express inductive reactive power as positive, usually when 
current is used as a reference vector with series circuits. For 
these occasional cases the most convenient practice should be 
followed and it should be stated clearly that inductive volt- 
amperes are taken as positive. 

In conclusion, it is believed that inductive reactive power 
should be taken with a negative sign. However, because of the 
wide divergence of opinion at the present time, some latitude in 
the use of this arbitrary convention should be allowed. There- 
fore, it should be limited to unspecified power equations and 
diagrams. 

C.F. Bowman: In developing the complex expression for power 
in the form P = P = jQ, we find that the product as we would 
be inclined to use it, P’ = HJ has no physical significance unless 
we use either H or J as the reference in writing the expressions 
we multiply. This can be shown analytically, but its failure to 
check can be shown sufficiently by an example. Using Euler’s 
identity for brevity e.g.,[E = E (cosd +jsingd) = Fe =j oh 

- 3m j = 


and a current Je ; whose 


J 
we may assume a voltage He 


fog Smt) eee 
product we find as (H] = Ele =EIe ~). This 90 deg 
phase relation indicates a purely reactive power; yet with the 
actual phase difference between current and voltage being 


> = 45 deg, we know that the power factor is 0.707. 

To give the product physical significance it is necessary, as 
stated heretofore, to use these terms so as to utilize either H or J 
as reference for the product. This can be done by reversing the 
sign of the Euler exponent (or of the j-term in the complex ex- 
pression) in the quantity we wish to utilize as the reference. Using 
this method for the example given above with an inductive 
impedance, and electing to use voltage as reference, we reverse 
the sign of the voltage angle and multiply, obtaining: 

Re eee ey 

P=EI},=E£le =ETe = EI(cos 45° — j sin 45°) 
= P —jQ 

Henee, utilizing voltage as reference we find that — jQ repre- 

sents inductive power, and + jQ would represent condensive 

power. 

It would be equally correct, mathematically, and equally 
simple, to elect current as the reference, thereby reversing the 
sign of the lateral term, 7Q. With practical circuits, however, we 
find that there is a deep rooted association of the term “‘lagging”’ 
with inductive circuits based on the lagging currents there found 
(though it might equally as well have been associated with the 
lagging voltage of condensive circuits). This habit, in turn, 
comes from our choice of voltage as reference in our modern 
systems of distribution by multiple circuits: the voltage is com- 
mon to all branches and hence the most convenient reference. 

Hence to be consistent with our present tacit assumptions of 
voltage as reference, the negative sign should be used with in- 
ductive power as well as with inductive currents. 


September 1933 


This definition must be used to be consistent with the A.I.E.E. 
definition of phase power, reactive: P, = EI sin > if we maintain 
voltage as our reference. In this case, for inductive circuits, 
is negative, [sin (— )] = [— sin @]; and for an inductive circuit 
this gives P = P — jQ. 

For the multiple circuit and voltage reference, we find this 
negative sign for inductive quantities carries down also to the 
circuit elements, and { = EH (|G@| —j|B\|). The impedance, 

, =r +ja, is essentially a series circuit quantity where the 
reference is current; and if current is to be established as a 
reference with one of the groups of quantities involved, it should 
be earried through consistently. If this is done, the sign of the 
lateral term is positive for inductive quantities throughout. 

If the inductive power is assigned the negative sign, we retain 
our unifying concept of the voltage as reference and can associate 
the term “lagging”’ with inductive quantities in power as well as 
’ admittances and currents. 

P. L. Alger: The various conceptions of reactive power pre- 
sented in recent committee reports and in papers in ELecrricaL 
ENGINEERING illustrate how differently we can view the most 
familiar elements of electrical theory, while Doctor Silsbee’s 
analysis® of possible reasons for selecting the sign of reactive power 
indicates how difficult it is to agree on even the simplest conven- 
tions. Doctor Silsbee leans to the choice of a positive sign for 
inductive volt-amperes on the basis of general principles of 
scientific convention. Mr. J. A. Johnson reaches the same con- 
clusion on the basis that inductive power is commonly generated 
and distributed just as real power is, so that it is convenient to 
use the same sign for both. On the other hand, numerous writers 
consider inductive power as negative for the same reasons that 
inductive currents are called lagging and are plotted downwards, 
while Mr. A. E. Knowlton’s reported questionnaire shows 50 
representative engineers to be about equally divided in opinion. 

Clearly, no agreement is possible unless a conclusion can be 
reached from universally accepted definitions without bringing 
in any assumptions whatever. ; 

What is the physical meaning of the angle between the active 
and reactive power vectors? Active power flows continuously in 
the same direction in each conductor of the system, while re- 
active power flow alternates in direction in each conductor at 
double line frequency. The combination of active and reactive 
power is, therefore, exactly analogous to that of the direct and 
alternating components of a pulsating unidirectional current. 
In each case the 2 quantities have different frequencies, ‘and so 
can not properly be represented by vectors in a common time 
diagram. No physical reality can be ascribed to the angles in a 
right-angled triangle representing the a-c and d-c components of 
a pulsating current. However, the right-angled triangle repre- 
’ senting the active and reactive volt-amperes in an a-c system is 
geometrically identical with the representation of the in-phase 
and out-of-phase components of voltage or current in the same 
system. 

By universally established conventions, an inductive im- 
pedance is represented by the expression: 


Z=R+jxX (1) 
which results in the expressions: 
Ve ia J) a (2) 
for the vector voltage referred to the current as reference axis and 
R —jxX ) 
i 3 
( R2 + X? ue (3) 


for the vector current referred to the voltage as reference axis. 

In dealing with constant current systems, it is the general 
practice to use equation (2), and hence to represent inductive 
voltages as positive. The vector diagrams so obtained represent 
active and reactive power equally as well as in-phase and reactive 
voltages. 


3. Evecrrican EnainrerErine, April, 1933, pp. 261-2. 
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In dealing with constant voltage systems, it is the practice to 
use equation (3), and hence to represent inductive currents as 
negative. These vector diagrams equally well represent active 
and reactive power as they do in-phase and inductive currents. 

Whatever system is being considered, vector diagrams of 
voltages and currents are useful and are generally employed. 
It is obviously convenient to use the same diagrams to represent 
the power relations. In fact, it seems ridiculous to do otherwise, 
as the diagrams are geometrically identical, and as no physical 
reality can be attached to the angles in the power triangle con- 
sidered by itself. The angles in the current and voltage triangles 
represent time phase in degrees, or in fractions of a cycle. 

It is thus apparent that inductive volt-amperes should be 
defined as positive, to match the inductive voltage, (equation 
2) if the current is considered as reference axis. This is the 
normal convention for constant current systems. Also, inductive 
volt-amperes should be defined as negative, to match the in- 
ductive current, (equation 3) if the voltage is considered as 
the reference axis. This is the normal convention for constant 
voltage systems. 

Both conventions are equally acceptable and equally in accord 
with the already well established standards. Hence, both must 
be permitted, and the only possible grounds for selecting one as 
standard are convenience and usage. 

The very great predominance of constant voltage systems in 
power transmission and other cases where reactive power dia- 
grams are of practical interest makes it convenient to adopt as 
standard the convention of plotting inductive power as negative, 
A review of the literature indicates a gradual trend of usage 
toward the negative sign for inductive volt-amperes, although 
the total number of references is about equally divided. 

If it is realized that vector power diagrams have no physical 
reality, but are simply representative of currents or voltages, no 
difficulties can arise, but it is obvious that whether currents or 
voltages are implied it must always be stated. If, as Doctor 
Silsbee has done, we attempt to define the sign of reactive power 
from a logical analysis of the underlying definitions, we are im- 
mediately involved in such questions as whether the susceptance, 


xX : 
155,13) = Oe and the discussion loses all physical 


xX 
Ve AMES 
significance. : 

An over-excited synchronous generator delivers inductive 
volt-amperes, and is properly called a lagging power factor 
generator. An under-excited synchronous motor receives in- 
ductive volt amperes from the system, and is so properly called 
a lagging power factor motor. With the standard counter- 
clockwise rotation of vectors, the term lagging definitely con- 
notes a downward plotted, or negative vector. 

The evidence presented here from the points of view of both 
convenience and usage, therefore, indicates that inductive volt- 
amperes should be considered negative. If, however, it is desired 
to use the current as a reference axis and take inductive volt- 
amperes positive, this is just as correct and legitimate as it is to 
treat the power of a motor as positive. The real difficulty with 
reactive volt-amperes is that they have 2 signs, one for angle of 
lead or lag and one for inflow or outflow. The resultant signs for 
the usual types of power flow recommended as standard are thus. 
as indicated in the following table. 


Apparatus Power Reactive volt-amperes 
Over-excited synchronous motor.......... =e. 5 Cath ab Bese - 
Under-excited synchronous motor......... a ay ao aeey tie Modis ds 
Over-excited synchronous generator....... ees Le Cac oe _ 
- Under-excited synchronous generator...... sPod eon dlblss sek ae 


Wm. B. Nulsen: Volt-amperes is necessarily a vector quan- 
tity having a real component and a quadrature component, or 
if you wish, an active component and a reactive component. 
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Thus in the expression VA = P + jQ, P is the active component 
and Q is the reactive component. The term power is generally 
understood to mean watts, or the active component of the volt- 
amperes, and with this understanding the term ‘‘reactive power”’ 
is meaningless. 

It is certainly advisable to give a name to the reactive com- 
ponent of volt-amperes. The standardization of such a name is 


of more importance than the name itself, although the unit 
“var? seems most appropriate, indicating as it does, reactive 
volt-amperes. 


Mathematically, the sign of the quad- 
rature component depends upon whether 
we consider 0 = a — 8, or 0 = 8 — a, in 
Fig. 12. In the first case 0 is measured 
from J to £, and in the second case @ is 
measured from / to J, with a consequent 
reversal in the sign of sin 9. This is ident- 
ical with the effect of the order of vectors 
when taking vector cross-products, so that 
NE SNe al Fo 

The angle of lag or lead is understood to be the angle which 
the current vector makes with the voltage vector, 7z.e., the cur- 
rent vector is referred to the voltage vector. Thus the angle 0 
should be measured from the voltage vector to the current 
vector, and it becomes a negative angle with a lagging current, 
and a positive angle with a leading current. Vars are therefore 
negative with a lagging current, and positive with a leading 
eurrent. 

The question of clockwise or counter-clockwise rotation does 
not enter directly into the choice of signs, since the double fre- 
queney volt-ampere vector has no more place on our Argand 
diagram than have the stationary impedance or admittance 
vectors. However, if we consider vector volt-amperes on a 
separate diagram, there appears to be a consistency in associating 
— jQ with a lagging power factor and + 7Q with a leading power 
factor. This is in agreement with the convention just outlined. 

Letting # = (e, + jes), and J = (i; + ji2), we may write 

VA = (e101 + ate) + 7 (e1t2 — e201), 
and using vector notation 
VA=HE-Iaj|EXI, 
the sign of the quadrature component being détermined as above. 

G. V. Mueller: The writer votes emphatically for the princi- 
ple of regarding lagging reactive power as negative, that is, draw- 
ing it downward from the right-hand end of the kilowatt base. 

H. K. Humphrey: The presentations by Doctor E. B. Silsbee 
and J. Allen Johnson, of arguments for considering lagging re- 
active volt-amperes positive and plotting them upward in vector 
diagrams, Execrrican Enainenrine, April 1933, pp. 259-267, 
have convinced the writer that this ‘‘practical’” convention (Sils- 
bee’s/ Ba) isbetterthan the ‘‘academic,’’ heretoforefavored. Never- 
theless, it certainly is natural to feel that volt-amperes partake 
more of the nature of amperes than of volts, and to wish that, 
in addition to the advantages of logical sequence set forth by 
Silsbee and of correspondence of meter readings given by John- 
son, we might also find the volt-ampere vector falling parallel 
to the current vector. It may be worth while to search our 
memories for reasons why all these advantages may not be had; 
the search will carry us back to 1911, when our convention as to 
rotation of vector diagrams was adopted. Until then, there was 
_ not only the “crank” diagram which we now use, but another 
in which the vectors were conceived to be standing still-with 
time progressing in the positive direction past them; in fact, the 
vectors merely were the diameters of the circles resulting from 
plotting the sine-wave quantities in polar coordinates. Accord- 
ing to this convention, a lagging current was plotted upward, 
in the first quadrant. Considerable confusion resulted from the 
fact that about half the engineers used one of these conventions 
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and the other half the opposite, so that in 1911 it was thought 
desirable to end this confusion for all time by adopting one or 
the other. At that time, there was no solid basis upon which a 
choice could be made; either method was a purely arbitrary 
convention having, in spite of the interesting though specious 
reasoning presented in argument, no advantage over the other 
except the habit of the individual user; indeed, each argument 
could be boiled down to something like, ‘‘I learned this conven- 
tion, and it is perfectly clear to me that no other can be natural.” 
Under these conditions, the matter was settled in the only way 
it could be fairly settled, that is, so as to disturb the smaller num- 
ber of established habits. We can see now that it was unfortunate 
that the majority had learned the ‘‘erank’’ system, defended by 
Professor Kennelly; but the minority, led by Doctor Steinmetz, 
relearned their vector diagrams, and found that the task turned 
out to be easier than they had feared. 


The real arguments came only years after the decision. There 
are two of these, it seems to me; one is the fact brought out 
above, that, were lagging current positive, then lagging reactive 
volt-amperes would naturally be positive, and would have 
naturally all the advantages claimed by Silsbee and Johnson, 
and in addition would look, in vector diagrams, like lagging 
current. The other advantage of the now discarded convention 
comes in the numbering of polyphase vectors to show phase- 
order. It is without doubt more natural to number these in the 
counter-clockwise order, just as we number the quadrants in 
trigonometry. This is not merely a quirk of my own mind, for 
each year I introduce the subject of unbalanced three-phase 
systems to students familiar with trigonometry and with crank 
diagrams; with this background only, they are asked to draw 
and number a set of three-phase vectors. This I have been doing 
pretty regularly since 1916, and invariably the result has been 
what we must call the negative or reverse phase-order. It would 
be considerably better if the natural order were positive and 
direct; had Doctor Steinmetz’ convention happened to prevail, 
this would have turned out to be the case. 


It seems that we made a bad bargain. We did get rid of the 
confusion due to the simultaneous existence of the two conflicting 
vector conventions, but it would have been better to tolerate that 
confusion for 7 or even 20 years; for now we must go on forever 
using unnatural volt-ampere diagrams and teaching students 
that their instincts, trained in trigonometry, are negative and 
reversed. I wish sincerely that I could feel that Doctor Silsbee’s 
statement were not true: “The sign of X is the result of purely 
arbitrary choice, made so long ago that there seems little need, 
or hope, of changing it.’’ Yet I suppose that he is right, for much 
as I should like to, I hardly dare propose now that we go back 
and change all our vector diagrams again. But does not the 
situation in this matter emphasize the unwisdom of making an 
arbitrary choice too early, the wisdom of waiting until we can 
know where our choice will lead? 

V. G. Smith: It has been said that the professorial group is 
almost unanimously in favor of calling reactive power due to 
leading current positive. The reason is not hard to find. 

Fig. 13a shows a usual vector diagram with currents leading 
the voltage the details of which are fixed by accepted conven- 
tions. When it is desired to draw the corresponding power 
diagram it may be drawn either as in Fig. 138 or p. Fig. 13n 
clearly is preferable to p, because in appearance it is exactly 
similar to a. From one point of view the only difference between 
the current diagram and the power diagram is that the scales are 
different. Why, just because the current components are multi- 
plied by the voltage should the diagram be inverted and the 
apparent rotation reversed? 

Fig. 13p corresponds to c in which voltages are plotted with 
respect to a current. This type of diagram belongs to the series 
circuit in which the current is thought of as the cause of the 
potential differences. 

It makes little difference to the man who is working with re- 
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active power constantly which convention is chosen but it would 
be very confusing to students to have to use one convention for 
eurrents and the opposite, at least in appearance, for reactive 
power. 

H. W. Price: It is remarkable that all the papers and discus- 
sions on what is to be measured and how to measure have been 
contributed only by engineers of electrical service companies and 
manufacturers of electrical equipment, and by men in standardiz- 
ing and academic work. There has been no one to represent the 
millions of consumers of electrical energy, the great group whose 
payments make possible the entire electrical industry. The con- 
sumers should be represented. 

In the writer’s opinion there are two fundamental phases of the 
question of definitions of units, which should not be overlooked 
by any committee endeavoring to find final replacements for the 
old contradictory A.I.E.E. definitions: 

1. Definitions of active and reactive powers and active and 
reactive energies for statutory authorization, chosen to inelude as 
accurately as possible the generalized case of non-sine waves of 
voltage and current, and unbalanced load in polyphase circuits. 
The unbalance might properly, if necessary, involve extra factors 
to be defined. The apparent tendency to base definitions on con- 
venient approximate methods of metering is, in the writer’s 
opinion, wrong. The fact that voltage usually is measured 
commercially by an ordinary voltmeter is no reason whatever 
against international definitions of voltage and the last limit of 
precision in national and international definitions of the volt. 

2. Corresponding statutory working definitions with sufficient 
tolerance to cover the deficiencies of the present state of the art 
of metering in commercial circuits, having regard also to the fact 
that individual consumers usually cannot afford metering equip- 
ment quite suitable for a large manufacturing industry or a 
municipality. 

The definitions under (1) should be as nearly as possible final, 
so that those working in theoretical and development fields may 
not be hampered by changing fundamental definitions. Defini- 
tions under (2) can be modified when necessary at long intervals 
as the art of accurate and economical measurement develops. 

It is a fact that n — 1 ideally correct wattmeters properly 
connected in a circuit of n conductors can correctly measure the 
average rate of transmitting ‘‘active’’ energy through the circuit, 
regardless of wave forms and unbalance. It is equally a fact 
that the very properties which enable the wattmeters to measure 
thus, by disregarding all fundamental and harmonie voltage and 
current products and cross products not contributing to active 
flow of energy, prevent them from measuring average rate of 
reactive flow of energy no matter how they may be connected. 
The meters that ignore such products when connected in one 
way cannot include them when connected another way. Never- 
theless those products are properly to be included in reactive 
definitions because they cover flow of energy not contributing 
to “active” power. The definitions under (1) should cover our 
best understanding of physical facts related to flow of energy. 
The subsidiary definitions under (2) should inelude tolerance to 
cover practical needs of commercial measuring. 

H. Sohon: In any single-phase load with sinusoidal voltages 
and currents there are certain physical magnitudes and certain 
convenient parameters that can be measured. 

The physical quantities include: instantaneous voltage; in- 
stantaneous current; phase angle between voltage and current; 
instantaneous power; and average power. 

The parameters include: effective current; effective voltage; 
apparent power; reactive power; and power factor. 

The relations assigned to these various items give the well 
known power triangle. Any quantity in the power triangle can 
be measured directly, and the same triangle will be obtained no 
matter which pair of magnitudes is used as a basis. 

It is desirable to set up a similar type of triangle for a general- 
ized circuit such as an unbalanced polyphase circuit containing 
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non-sine waves of voltage and current. Any definitions made for 
the generalized circuit should reduce to the corresponding defi- 
nitions for the simple type of circuit above. 

The average power is at our disposal, and we must set up a 
definition for apparent power, or reactive power, or power factor 
in order to determine the triangle. There are several matters 
that should be given some thought before any definition is 
considered. 

1. The generalized definitions will help the engineer very little 
in designing circuits and machinery and in predicting their 
performance. 

2. The principal use of the generalized definitions will be in 
adjusting power rates. 

3. The definitions must depend only on voltage and current 
measurements that can be made where the line enters the custom- 
er’s premises. 

4. There is need of postulating a conservation of reactive 
power law, we may do so if we desire, but there is no natural or 
physical reason for it since reactive power is a parameter instead 
of a physical magnitude. 

5. The method of fixing the rates by the generalized definitions 
will be intended to persuade the customer to keep his load 
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balanced, and to keep the harmonics as small as possible. Any 


summation for reactive power which would let one harmonic 
effect cancel another obviously is unfair to the power company. 

6. Perhaps if the term penalty factor were introduced to 
replace the term power factor for the generalized circuit the 
theoreticians would find a definition based on these considerations 
more acceptable. 

No doubt there are many definitions that can be arrived at 
which satisfy the requirements set forth above. One set of 
generalized definitions is given below: 


Apparent power nEI volt-ampere rating 
Average power Bp average power 
Power factor P/(nET) penalty factor 


Reactive power ¥ (n EI)? — P? penalty power 


where n is the number of phases, # is the maximum effective 
voltage from ground to any of the lines, and J is the maximum 
effective current in any of the lines. There also are listed alterna- 
tive names for some of the parameters defined. 

J.E. Clem: This discussion is based on certain fundamental 
conceptions and it seems expedient to present them so that the 
discussion will be understood in the way it is intended. 

The mathematics used in alternating-current theory is in 
reality more or less of an experimental nature. That is, certain 
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methods in mathematical manipulations have been found to 
agree with observed results. It has been observed that the volt- 
age and current in the simple alternating-current circuit vary 
with time and it has been noted that the best results in operation 
and calculation are obtained when the variation is made sinu- 
soidal. It has been found also that certain operations can be 
performed upon the current and voltage according to the rules 
of vector algebra and the correct result obtained. For instance, 
the scalar product of two vectors is defined as the product of the 
vectors times the angle between them and this gives the power 
in watts. Also the vector product is defined as the product of 
the vectors times the sine of the angle between them and this 
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gives the reactive power or the quadrature component of the 
volt-amperes. It has a positive or negative sign depending upon 
whether the angle between the two vectors is positive or negative 
as measured from the reference vector. It has also been observed 
that certain operations can be made according to the rules of 
complex numbers. 

There is a tendency for many people to consider that the 7 part 
is a mathematical expression as an imaginary quantity or, as 
some are pleased to call it, a mathematical fiction. Such is not 
the case, since usually there is some physical fact back of most 
such expressions. For instance, consider an inductive circuit. 
The drop across the inductance depends upon the rate of change 
of current in it and the rate of change is maximum 90 deg before 
or after the current maximum. This 90 deg phase relation can 
mathematically be expressed by use of the symbol j and ja cer- 
tainly is not an imaginary quantity but in reality is a quadrature 
quantity as compared with resistance. 

(Instantaneous power always is the product of the instantaneous 
voltage and instantaneous current. It is obvious that the power 
is a double frequency phenomenon, since for the simple resistance 
cireuit it would be maximum when the current and voltage are 
maximum in the positive direction and again maximum when 
they are maximum in the negative direction and since this kind 
of power has no negative values such a variation calls for a double 
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frequency. It is known that with certain circuits the current 
maximum does not occur at the time of voltage maximum but 
occurs 90 deg later or earlier. If there is an inductance in the 
circuit the voltage across the inductance depends upon the rate 
of change of the current. In this case also the instantaneous 
power is the product of the instantaneous values of voltage and 
current but since the maximum values occur 90 deg apart, the 
power will be positive or negative depending upon the time 
position. Since the power will be zero for each current zero and 
also zero for each voltage zero, there will be four zeros for each 
complete voltage or current cycle which again requires double 
frequency. The power taken by such a circuit is a real power and 
is fed into the inductance for half the power cycle and then is fed 
from the inductance to the circuit for the other half of the power 
eyele. 

There has been considerable thought expended in an effort to 
define reactive power and it seems that the best approach to this 
would be to decide first just exactly what reactive power is. Ina 
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purely resistance circuit the product of volts and amperes gives 
watts. If there is reactance in the circuit in addition to the 
resistance, the product of volts and amperes gives a quantity 
larger than the watts. If there is a rectifying device in the circuit 
there is another difference and in this case the difference between 
watts and volt-amperes should not be ascribed to reactance or 
called reactive power. For the single-phase case suitable defi- 
nitions have been given in Professor Smith’s paper. The exten- 
sion to polyphase cireuits requires further study. 

There has also been considerable discussion as to whether the 
reactive volt-amperes in an inductive circuit should be considered 
as positive or negative. This is a waste of time because there are 
enough previously adopted conventions to indicate which sign 
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should be used. Actually the sign depends upon whether the 
current or voltage is considered as the reference in determining 
the sign of the angle between the two. If the current is taken as 
the basis of reference then the angle between the current and 
voltage is positive and the reactive volt-amperes in an inductive 
circuit will be positive. If the voltage is taken as the basis of 
reference then the angle between voltage and current will be 
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negative and the inductive volt-amperes automatically will have 
a negative sign. This is very well illustrated in the diagrams in 
Figs. 14-17 in which the current and voltage are represented 
trigonometrically and exponentially. 

Mr. Fortescue limits himself to the use of the current or the 
reference vector when he sets up an equation (2) which gives the 
power in an alternating-current circuit and then arbitrarily con- 
siders only part of that equation (3) for the rest of his argument. 
This arbitrary step nullifies much of the subsequent discussion 
because if he had used voltage as the basis of reference, a different 
result would have been obtained in (3) as is evident from the 
preceeding table. 
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In this table the argument presented by Mr. Fortescue in his 
equation (3) or Table III is completed and also extended for the 
ease where the voltage is the basis of reference. 

It is illuminating to apply the energy storage argument to a 
parallel circuit of resistance and inductance such as the r and L 
part of Fig. 19. Obviously the energy dissipation in the re- 
sistance occurs when the current in and the voltage across the 
resistance are at their maximum values. Now the current in the 
inductance lags 90 deg in respect to the voltage and since the 
maximum rate of energy inflow to the inductance leads the 
current by 90 deg, it is in phase coincidence with the maximum 
rate of energy dissipation in the resistance. Therefore, it is 
obvious that the stored energy in the reactive part of the circuit 
as used by Mr. Fortescue is an unsound criterion for determining 
the sign of reactive volt-ampere. 

V. G. Smith: In suggesting P/ y P? + P,? as the definition of 
power factor the writer had in mind the approximate measure- 
ment of P, by a wattmeter as is usual at present. If the sug- 
gestions of Messrs. Herskind and Smith were adopted power 
factor would become a “‘blanket’’ definition covering reactive 
power, distortion, unbalance and mesh distribution. 
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These four things cost differently, distortion goes back to the 
generators with little chance of correction, reactive power may 
be generated locally by condensers, and unbalance and mesh 
distribution may be corrected by a judicious arrangement of 
customers’ loads. It seems then that the one factor is insufficient 
to cover such a diversity of conditions. 

Professor Karapetoff certainly is correct when he asserts that 
the complete physical information about a circuit is given only 
by the instantaneous currents and voltages. But, given a perfect 
set of oscillograms, one would be in the position of a statistician 
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with a mass of data, complete but incomprehensible until a few 
significant quantities have been extracted. This is one reason 
why these quantities and factors are worth defining. 

C. L. Fortescue: This closing discussion is confined to the 
much discussed question of the appropriate sign for reactive 
power as expressed in vector notation. In other words shall we 
use E conjugate I or J conjugate HE. It is not a question of which 
is right because, as the writer has pointed out many times before 
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N In the dynamic theory of currents 2 kinds of forces are recog= 
nized, besides those arbitrarily imposed on the system, namely 
conservative and nonconservative. In linear circuits the non- 
conservative forees are directly proportional to the velocities or 
eurrents while the conservative forces are proportional to the 
displacements (changes) or to the accelerations (rate of change 
of currents). In the Lagrangian equations of the system and the 
same equation obtained by the application of Kirchoff and Lenz 
laws, the impressed emfs are equilibrated by these forces, and 
the set of equations so obtained completely specify the electrical 
system. 
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Each equation of the set of equations so obtained represents a 
series circuit having the characteristics of the simple series circuits 
discussed in the paper and therefore the arguments given in that 
paper apply with equal force to the more general systems of 
equation comprising both positional and motional conservative 
forces as well as nonconservative or dissipative forces. The 
operational solution of these Lagrangian equations gives the 
reciprocal system of equations in which the velocities or currents 
are given in terms of the impressed emfs but these equations can- 
not be considered as fundamental, since we cannot define con- 
servative and nonconservative motions. In other words, these 
equations cannot be derived from Hamilton’s principle without 
the intermediate step of obtaining the Lagrangian equations of 
motion or what is the same thing, the equivalent equation ob- 
tained by Kirchoff and Lenz laws. 

These equations when dealing with harmonic impressed emfs 
may be expressed in equivalent vector form. Thus the Lagran- 
gian equations for the simple circuit that is shown in Fig. 20 are: 

diy 


@=mi + li dt (1) 


e= Tete 


These equations may be expressed in vector form in either of 
the two forms 


BE = (ri + jas) I, 

[f= Tole (2) 
E = (ri — jar)I (2a) 
E = rele 


Equation (2) being in terms of positively rotating vectors and 
(2a) being in terms of negatively rotating vectors and «x, in each 
case being equal to 277fL, where f is the frequency 

From (2) we have 

El, = Py+jQi = (ri + jai) 12 
El, =P; = [re (3) 
Pit Po + 9Qi = nil? + role? + jal? 
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From (2) we have 
BI, = P, —jQ: (m1 — jar) I? 
EB i, 2 P, (da) 
Py + Pe —j7Qi = rl? + rel? + jail,’ 

Definition (3) is associated with a system of positively rotating 
vectors, whereas (3a) is associated with a system of negatively 
rotating vectors. These vectors yl. f if are derived vectors and 
should not be used to determine the direction of Qi. Equations 
(2) and (3) should give a satisfactory answer to Mr. Clem’s 
criticisms since his multiple circuit and for that matter, any 
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multiple circuit is simply a number of series circuits each of 
which fulfills the criterion set up in the paper. The total power 
is obtained by the sum of the powers in the individual circuits 
and the total reactive volt-amperes is the sum of the reactive 
volt-amperes of each individual series circuit. 

Referring now to Mr. Alger’s discussion, he says ‘‘in dealing 
with constant current systems, it is the general practice to use 
equation (2)’’ of his discussion. This may be the recognized 
practice with constant current systems, but it is also the general 
practice with constant potential systems. In a complex network 
the self and mutual admittances are derived constants into which 
many of self and mutual impedances enter. These latter con- 
stants of the system are derived from the resistances, the coeffi- 
cients of self and mutual induction and the coefficients of poten- 
tial and these are the fundamental constants of any electrical 
system. The fundamental equations of a linear electrical con- 
stant potential system are therefore of the form defined by his 
equation (2). The admittance equations are the reciprocal or 
derived equations. Both systems of equation are useful in 
technical work. 
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Contrary to the opinion implied in Mr. Alger’s discussion the 
use of the term “‘lagging power-factor generator’’ for an, over- 
excited generator is completely in accord with the definition 

Ef =P +jQ 

This is expressed in the old conventional diagram shown in 
Fig. 21. There it is plain that the true power lags behind the 
apparent power, so there is no inconsistency in the diagram. 
Such a generator delivers positive reactive volt-amperes to the 
system. Similarly, a synchronous condenser might aptly be 
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termed a reactive power generator, for when it is overexcited it 
‘delivers positive reactive power to the system and when under- 
excited it receives positive reactive power from this system or 
‘delivers negative reactive power to the system. 

It is hardly necessary to point out that in the Lagrangian 
‘system of equation for linear circuits each impressed force may 
be considered independently of all the others so that when 
harmonies are present there are as many power factors as there 
are harmonics. Similarly an inphase system with grounded 
neutral requires n + 1 equation to define it for sinusoidal im- 
pressed emfs so that it requires as many factors to completely 
‘specify it under unbalanced conditions. 

J. Allen Johnson: It is apparent from the discussions by 
Messrs. Sanderson and Corney, that operating men are in general 
agreement with the philosophy and practice presented in the 
writer’s paper. From this point of view, there seems to be no 
disagreement and hence no rebuttal is necessary. However, the 
papers and discussions seem to indicate considerable uncertainty 
as to the facts regarding reactive power and the relation of these 
facts to the conventions established or to be established in regard 
to it. It therefore may be of some service in resolving and clari- 
fying these questions for an engineer with the operating point of 
view to make an attempt to analyze the facts and relate them to 
the conventions. 

1. Let us start by recalling one or two fundamental concepts 
and defining the terms we must use. 

A. It is energy that flows, not power. 
flow or conversion of energy. 


Power is the rate of 
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B. There are two concepts of “active power’? which may be 
named and defined as follows: 

(1) Real active power is the rate of flow (or change of form) 
of that part of the energy which is being converted into some 
other form, such as heat, mechanical work or radiation. 

(2) Apparent active power is the apparent rate of flow of 
active energy which results from the assumption that the 
active power is ‘‘in phase”’ with either the total current (pure 
series circuit) or with the total voltage (pure shunt circuit), 
the term ‘‘in phase” in this sense meaning coincidence of 
maximum values. The average value of the ‘‘apparent 
active power” is the same as that of the “real active power” 
although their instantaneous values may differ. This average 
value EI cos @ is the value most commonly referred to. 

C. There are 3 concepts of “reactive power’? which may be 
named and defined as follows: 

(1) Real reactive power is the actual rate of flow (or of change 
of state) of that.part of the energy (reactive) which is under- 
going cyclic change of state from dynamie to static and vice 
versa. 

(2) Apparent reactive power is the apparent rate of flow of 
reactive energy resulting from the assumption that the active 
power is “‘in phase’’ with either the total current (pure series 
circuit) or the total voltage (pure shunt circuit), the term ‘‘in 
phase” in this sense meaning coincidence of maximum values. 
One or the other of these assumptions is tacitly made whenever 
the current or voltage vector is used as a reference. The ayer- 
age value of ‘‘reactive power” is zero. 
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(8) Fictitious reactive power is the reading of a correctly 
connected reactive kva meter. It is the average value of a 
harmonic having an amplitude equal to that of the “‘apparent’”’ 
reactive power but with its neutral position displaced from 
zero by an amount equal to the maximum amplitude of the 
“apparent”’ reactive power wave. The name ‘‘var’’ has been 
adopted as the unit of this fictitious power. 

D. “Real” and “apparent”? power, both active and reactive, 
can be thought of in two ways namely: 

(1) With respect to the point or plane of measurement, 
as rate of energy flow. 

(2) With respect to the circuit measured, as a rate of energy 
conversion. 

2. There are several questions that require answers for the 
clear understanding of reactive power, viz.: 

A. Are there any such things as “‘real’’ active and reactive 
power? 

B. When current lags does reactive power also lag and if so 
what does it lag? 

C. What are the relationships between the several kinds of 
active and reactive power above defined? 

D. Which of the above kinds of reactive power is it, the sign 
of which is under discussion? 

K. What is the physical meaning of this sign? 

3. As to question (A), Mr. Wright’s discussion would seem to 
settle this question in the affirmative. Simultaneous instan- 
taneous values of (e) and (2) are real, hence their product must be 
real. Similarly instantaneous values of (7?) times (Rf) are real. 
Both of these measure instantaneous values of power in watts. 
Their arithmetic difference then cannot be other than watts, 
and if this arithmetic difference can be identified with the “‘re- 
active power” then the reactive power must be real and ex- 
pressible in watts. This identity has been established, which 
proves that energy transformations of the nature defined do take 
place. The magnitudes and time phase of the real reactive power 
do not usually coincide with those of the ‘“‘apparent’’ reactive 
power unless the ‘‘real’’ active power cycle actually is “in phase”’ 
with either the voltage or the current. 


4. Question (B) also will be answered by further reference to 
Mr. Wright’s discussion. 


It will be observed that, in the simple series circuit he has 
assumed, the active power, 77, is ‘‘in phase’ with the total cur- 
rent (in the sense that its maximum values are simultaneous with 
those of the current). The maximum values of the reactive 
power, in this case lead those of the active power by 90 deg in the 
double frequency power cycle. However, had Mr. Wright as- 
sumed a simple shunt circuit in which the resistance and reactance 
were in parallel, the voltage and total current remaining the 
same and in the same phase relation, then the active power 
component of the total power would have been ‘‘in phase’”’ with 
the total voltage instead of with the total current. The curve of 
instantaneous total power would have been the same as before 
and the reactive power wave would have lagged 90 deg behind 
the alternating component of the ‘‘active’’ power wave. It may 
thus be deduced, that in a complex circuit involving combinations 
of series and parallel inductive impedances the alternating com- 
ponent of the “‘real active power’’ wave may be “‘in phase” with 
neither the voltage nor the current, and the real inductive reactive 
power wave either may lead or lag the alternating component of the 
active power (in the double frequency cycle) by 90 deg. 

Thus we are forced to the conclusion that, while in any specific 
case thereisa ‘real’ active power wave at double system frequency 
and a “‘real’’ corresponding reactive power wave, there is no way 
of determining, from measurements of the total current, voltage 
and power, either by rms instruments or by oscillographs, what 
the instantaneous magnitudes and phase relationship of these 
‘real’ waves are, either with respect to the current and voltage 
or with respect to each other. That is to say, so far as the point 
of measurement is concerned, the only ‘‘realities’’ are the in- 
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stantaneous voltage, current and total power and their rates of 
change. What is meant by “‘reality’’ in reference to active and 
reactive power refers to the instantaneous rates at which energy 
is being ‘actively’ and “‘reactively’” converted in the circuit 
being measured. 

5. The relationships of question (C) perhaps will become clear 
if we write the complete expression for instantaneous total power 
using any reference Wt = o such that the angle between H and 
the reference is @ and the angle between J and the reference is 
(6 + a). Then we have: 


e = E,, cos (wt — Q), the instantaneous value of voltage. 
i =Im cos (wt—(0 + @) ), the instantaneous value of current. 
whence, after expanding and substituting rms values we have: 
ei = El[(cos 0+e0s (2a+6) cos 2at) +(sin(2a + 8) sin 2wt)] 
if @ = O (which assumes active power ‘‘in phase” with voltage) 
we have: 

; = EI [(cos 8 + cos 6 cos 2wt) + (sin @ sin 2wt)] 
P+ Pcos2wt + Q sin 2wt 
if @ = — O (which assumes active power in phase with current) 
we have: 
ei = EI [(cos 8 + cos 8 cos 2wt) — (sin 8 sin 2wit)] 

= P + Peos2wt — Q sin 2Wt 

for most other values of @ the coefficients of (cos 2wt) and 
(sin 2wt) will have values other than P and Q respectively. 


The first 2 terms of the above equation involving (EI cos 0) 
represent the ‘‘apparent active power” and the last term in- 
volving (EI sin 0) the “apparent reactive power.” It will be 
noted that the active power is the sum of a constant and a harmonic 
variable. When either current or voltage is used as reference the 
amplitude of the harmonic is equal to the constant, but this 
relationship does not hold for the general case. The reactive 
power contains no constant term. 


ll 


(a) 


It thus appears that when we use either the current or the 
voltage vector as a reference, we are simply making an entirely 
arbitrary assumption that the active power is “‘in phase’’ respec- 
tively with either the current or the voltage. The actual ‘‘reality”’ 
may be either the current or the voltage or neither. One of these 
arbitrary assumptions makes the resulting “‘apparent”’ inductive 
reactive power negative, the other positive. The “‘real’’ reactive 
power may either be positive or negative with respect to the 
active power, but we cannot tell which. 


We can however, by making either of these arbitrary assump- 
tions determine certain values, viz.: 

A. The average value (EI cos 0). of the total power. 

B. The average value (EI cos 0) of active power (both “‘ap- 
parent” and “‘real’’) since this is the same as the average value 
of the total power. 

C. The maximum amplitude (EI cos @) of the alternating com- 
ponent of apparent ‘‘active power.” 

D. The maximum amplitude (EZ) of the alternating com- 
ponent of the total power. This is equal to the so-called ‘‘ap- 
parent power” or “‘total volt-amperes.”’ 

E. The average value (EI sin @) of the “fictitious” reactive 
power. This is the quantity registered by a reactive kva meter. 

F. The maximum amplitude (EI sin 0) of the “apparent” 
reactive power wave. The average value of this wave is zero. 

In order to clear up this whole subject it seems necessary to 
correct what seems to be a slight misconception contained in 
Mr. Alger’s discussion. Mr. Alger says 

“Active power flows continuously in the same direction in 
each conductor of the system, while reactive power flow alter- 
nates in direction in each conductor at double line frequency. 

The combination of active and reactive power is, therefore, 

exactly analogous to that of the direct and alternating com- 
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No physieal reality can be ascribed to the angles in a right- 
angled triangle representing the a-c and d-c components of a. 
pulsating current.” 


In the case of the active power, the expression ‘flows con- 
tinuously”’ is true only in the sense that the flow of active energy 
does not reverse in direction. The active power does however, 
pulsate at double frequency between the values of o and 2P, 
where P is its average value. It is the average value, P, which 
we think of as measuring the rate at which energy is ‘flowing 
continuously’? but this value has no physical instantaneous 
reality except twice in each cycle. 


As a matter of fact the active power alone and of itself contains: 
both a constant and an alternating term as above pointed out and 
hence corresponds to a combination of a direct and alternating 
current. 


Obviously there is no angle involved between the constant. 
term P and the harmonic Q sin 2Wt. However, there is a definite 
angle between P cos 2wt and Q sin 2Wt which are both double 
frequency harmonic functions. 


Where P and Q are used as the sides of a right angled triangle,. 
it is the (P) appearing in the second term of the above equation, 
not the constant term (P) which is used. The resultant of P + 0 
is the total volt-amperes HJ which is the maximum value of the: 
alternating component of the total power, that is of HI cos 0 
cos 2Wt + EI sin 6 sin 2wt. 


6. From the above discussion there emerge some rather definite 
conelusions, namely: 


A. Active and reactive power are physical realities, but the 
phase relations between these physical realities and the measured 
pressure and current at any point in a circuit or between each 
other cannot be determined from these measurements. ‘‘Real’’ 
inductive reactive power either may lead or lag the “‘real’’ 
active power. 


B. The average values of active and “‘fictitious” reactive power 
can be determined by arbitrarily choosing a reference vector to 
which the measured current and voltage of the circuit may be 
referred. 

C. For most convenient mathematical treatment either the 
current vector or the voltage vector can be chosen as the reference 
vector. This choice is entirely arbitrary and whichever is most 
convenient in the particular case can be chosen. 

D. Instantaneous values of ‘‘apparent,”’ active, and reactive 
power resulting from such arbitrary choice of a reference vector 
usually do not correspond to physical reality. The actual physical 
values may lead or lag the ‘‘apparent’’ values by any time phase 
angle whatever, and may differ from them in amplitude. 

EK. The resulting algebraic sign of the “‘apparent’’ reactive 
power entirely is a function of recognized conventions and the 
arbitrary choice of a reference vector. 

F. ‘Real’ reactive power either may lead or lag the “‘real’” 
active power, and the “apparent’’ reactive power either may 
lead or lag the ‘“‘apparent’’ active power depending upon an 
arbitrary choice. That is, inductive reactive power may, both asa 
physical fact and as a mathematical appearance either lead or lag 
the active power. 

7. The measurement of the total power P = EI cos 6, is a 
relatively simple matter, since the thing we measure is the aver- 
age value of P + Pcos2wt = Qsin2wt. Since the average value 
of the last two terms is zero the instrument reads only (P) the 
constant term. The reactive power, alone, EJ sin @ sin 2wt 
however, having an average value of zero, is more difficult to 
measure. It is necessary to produce a fictitious voltage, in 
quadrature with the actual voltage, thus giving us a fictitious 
consine function, EI cos (90 deg — @), which we can measure 
with the same kind of a device we use to measure the value of — 


ponents of a pulsating unidirectional current. In each case 
the two quantities have different frequencies, and so cannot 
properly be represented by vectors in a common time diagram. 


EI cos 8. The quantity we actually measure is the average _ 
value of EI cos (90 deg — 0) + EI cos (90 deg — 8) cos 2wt 
+ EI sin (90 deg — 6) sin 2wt. This has the same numerical 
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value as the maximum amplitude of the harmonic function repre- 
sented by EJ sin 0 sin 2wt, the ‘‘apparent”’ reactive power. 

However, this Q = EI cos (90 deg — 9), although fictitious, 
is a useful conception, and its measurement a useful accomplish- 
ment, because the direction of its apparent flow with reference 
to the cireuit depends upon whether the current lags or leads the 
voltage, that is, when the current lags behind the voltage the 
apparent direction of flow of (Q) is positive, and when the cur- 
rent leads, the corresponding apparent fiow of (Q) is negative. 
Thus an indication of the magnitude and apparent direction of 
flow of (Q) gives us a guide for the control of the magnitude and 
direction of angular displacement of the reactive current. 

Now, having discovered this fictitious entity (Q) and having 
found a use for it, and a method of controlling it, the question 
apparently arose as to what to eall it. Our foreign friends ap- 
parently answered this question by ealling it ‘“‘var.’’ The 
instantaneous values of “‘real’’ and ‘‘apparent’’ reactive power, 
however, are still watts. If this distinction is recognized we can 
wholeheartedly adopt the name ‘‘var’’ for the fictitious entity, 
keeping the name “reactive watt’ to designate the rate of trans- 
fer of reactive energy, whenever we have to refer to this phenome- 
non. We ean then blithely and happily proceed to dispatch our 
“kilowatts” and “‘kilovars’’ forgetting all about ‘‘active’’ and 
“reactive” realities. The writer is inclined to think that this 
is the answer from the operating standpoint. However, perhaps 
we should not call kilovars reactive power. In the paper, the 
writer spoke of “reactive kilowatts,’ having in mind the actual 
transfer of reactive energy. Now while the arithmetic value of 
the fictitious entity (Q) which we measure as EI cos (90 deg — @) 
is the same as that of the maximum amplitude of EJ sin 0 sin 2wt 
the two entities are not the same. One represents a physical 
reality, whose average value is 0, the other is a fictitious unreality, 
whose average value is (Q). The perception of this distinction 
seems necessary for unreserved psychological acceptance of the 
name ‘“‘var.”’ 

8. In order to answer questions (D) and (E) as to the “‘sign’”’ 
of reactive power, it would seem that the first essential should be 
to define clearly which reactive power is referred to. 

1. Is it the ‘real’ reactive power, that is, the rate of con- 
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. 


) in kilowatts? 


dt 


2. Is it the ‘apparent’ reactive power (EJ sin 6 sin 2w#) in 
kilowatts? 


3. Is it the ‘‘fictitious” reactive power, Q, that is, the average 
value of (z) times ( (e) 90 deg earlier or later) in kilovars? 

All 3 of these entities have been referred to as “‘reactive power.” 

The second essential would seem to be to define which “‘sign”’ 
is meant, sign (;) referring to direction of flow or sign (2) refer- 
ring to angular displacement. If it is the real or apparent re- 
active kilowatts which are concerned then sign (2) must be 
meant since reactive kilowatts have no average direction of flow. 
If it is the ‘“‘kilovars’”’ which are involved, then sign (,) referring 
to the apparent direction of flow of the average value of the 
fictitious entity (Q) must be meant. 


version of reactive energy ( 


If the writer’s understanding is correct the latter is the case. 
In that event it would appear that the kilovars should be con- 
sidered positive when they appear to flow in the same direction 
as the kilowatts (active) (which from the operating standpoint 
is the case when the current lags the voltage) and negative when 
they appear to flow in the direction opposite to that of the kilo- 
watts, (which is the case when the current leads the voltage). 


Whether or not these suggestions are consistent with the exist- 
ing conventions and the mathematics they appear to the writer 
to be in accord with logic and common sense. It certainly is not 
common sense to have the positive kilovar output of a generator 
appear to decrease when its field current is increased but this is 
exactly what occurs if kilovars are considered negative when 
current lags, and meters are connected accordingly, following the 
usual right (++) and left (—) conventions. 


The above discussion may be of assistance in resolving some of 
the confusion that seems to exist as to the physical facts relating 
to reactive power. It would seem that if these facts can clearly be 
perceived and understood then the matter of the ‘‘sign’’ should 
pretty well settle itself. 


The writer wishes to acknowledge the assistance of Mr. S. H. 
Wright in preparing this discussion. 


Testing of High Speed Distance Relays 
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Synopsis.—This paper describes the various test methods which 
have been evolved during three years by The Tennessee Electric Power 
Company, which pioneered the use of reactance type distance relays 
in this country. Specific examples with diagrams are given. 

New considerations brought about by the use of high speed distance 


relays are discussed, including their adaptability to being tested by 
means of short circuit tests. General notes and recommendations 
covering short circuit tests arising from eight years’ experience in making 


them are given together with typical examples. 
* * * * 


relays is as necessary as the adequate inspec- 

tion and maintenance of any other electrical 
equipment. The type and frequency of testing will 
vary with the nature or purpose of the test. Relay 
tests may be classified as follows: (1) acceptance; 
(2) installation; (8) periodic; (4) surveillance; and 
(5) development. 

Acceptance tests are made to check each individual 
shipment of relays as received from the manufacturer. 
Such tests are usually made in the power company’s 
laboratory, and serve to determine whether the relays 
are in good condition and whether they meet the 
customer’s purchase specifications (if any) and the 
manufacturer’s guarantees. 

Installation tests are usually made in the field after 
the relays have been mounted and wired and are 
ready for service. These tests check the design and 
construction of the complete protective scheme. 
Similar tests are also made after any important 
changes in the installation. 

Periodic tests are the regular routine seasonal 
checks to determine whether the relays are in satis- 
factory condition and to locate and correct any 
irregularities that may have developed since previous 
tests. These tests are usually made at least yearly. 

Surveillance tests are made to locate the cause of 
some particular known failure or suspected failure to 
operate properly. If relay operation is analyzed 
carefully and all cases of possible or known incorrect 
operations are followed up by field surveillance tests, 
the periodic test assumes considerably less impor- 
tance and may be made less frequently. 

Development tests are made in conjunction with 
the manufacturers and are usually staged field tests 
of greater range than the manufacturer’s laboratory 
permits. Such tests serve as a check on the operat- 
ing performance of new types of relays and assist in 
developing improvements. Development tests are 
usually confidential between the manufacturer and 
the customer, and give the manufacturer an oppor- 
tunity to try out his product under actual field con- 
ditions before distributing it to the industry in general. 


N DEQUATE ttesting of high speed distance 


How TeEstTING oF HIGH SPEED RELAYS DIFFERS 
From TESTING OF OLDER AND SIMPLER RELAYS 


1. In testing high speed relays there is usually no time to read 
indicating meters or watch the motions of the relay parts with 
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reasonable accuracy. It is therefore essential to use an oscillograph 
or to permit the cyclic motion of a relay element to perform a one- 
way operation (such as tripping a circuit breaker) to establish 
whether or not the cyclic operation was completed satisfactorily. 


2. The performance of distance relays is a complex function of 
current, voltage, and phase angle. Polarity is of very great im- 
portance. Potential amplification may be used on low voltages. 
The older and simpler types of relays are not subject to these 
restrictions to any great degree. 


3. The internal connections of high speed distance relays are very 
complicated. Testing is desirable to locate any factory errors or 
injuries in shipment. 


4. External connections of high speed distance relays are more 
complicated than on any relays heretofore used. It is absolutely 
essential to make adequate tests to locate and correct any errors in 
drawings, or on the part of the construction crew. 


5. In most types of distance relays a sharp cut-off, or distinction 
between operating and non-operating conditions, is essential. 
Consistency in operating limits is also very important. The oper- 
ating characteristic of older relays is a simple continuous function 
of amperes or kilowatts instead of being a discontinuous or stepped 
characteristic. 


6. The operating element of the older standard relays is simple, 
and slow moving, and one man can easily observe its performance 
on tests. On reactance type distance relays, it may be desirable to 
observe the starting unit, ohm unit, time unit, and two auxiliary 
relays during test. 


7. The general principles of the older type of relays have not been 
changed for years and nearly all power company test men are 
familiar with them. The distance relay is new and different and 
rather complicated, and considerable experience and educational 
effort is necessary in establishing an adequate testing personnel. 


8. The factory instructions on low voltage tests of distance relays 
are rather inflexible and incomplete. There are no factory instruc- 
tions on staged testing. Practically no information is available for 
companies desiring to utilize staged tests, because only relatively 
few power companies make staged tests and they have not published 
any comprehensive description of the operating procedure they have 
developed. 


9. In testing high speed distance relays, it is necessary to check 
the application data, as well as the relay performance. That is, 
it is desirable to check the line constants such as reactance and 
impedance, 


EQUIPMENT USED IN TESTING 


The equipment used in the testing of high speed 
distance relays includes the following: oscillograph, 
adjustable phase shifter, tapped reactor, phase angle 
meter (precision type), variable resistors, indicating 
voltmeters, indicating ammeters, megger, and cycle 
counter. Although testing can be done without an 
oscillograph, the use of the oscillograph will save time 
and money and give quantitative results of consistent 
accuracy that cannot be obtained by any other 
method. 

No special tools are required for distance relay 
work, other than the usual tools carried by meter and 
relay repair men. Small socket wrenches and screw 
drivers of the type used by telephone repair men for 
telephone relay maintenance are especially con- 
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venient. In some cases the distance relay manu- 
facturers can furnish one or more special wrenches 
used by their assembly men and these will be very 
convenient, especially on development tests. 

The special facilities required for staged field tests 
are described in detail later. 


Low VOLTAGE VERSUS STAGED TESTS 


Low voltage tests are adequate for the following 
purposes: locating loose connections, locating broken 
leads, checking polarity, measuring resistance, testing 
insulation resistance, checking reactance indication, 
investigating performance of contacts as to sticking 
or sparking, checking timing, and otherwise deter- 
mining the mechanical and electrical condition of the 
individual elements of the relays themselves. There 
are serious objections to depending on the results of 
low voltage tests alone as a check on the satisfactory 
operating performance of a protective installation. 
Staged tests will do almost everything that can be 
done by low voltage tests, and in some cases the low 
voltage tests may be unnecessary, provided the 
staged testing is carefully planned. In any case, 
much less low voltage testing needs to be done if 
adequate staged tests are made. 

Complete low voltage tests require more equip- 
ment than staged tests. On distance relays a large 
amount of time is required to phase out the connec- 
tions of the low voltage test equipment. In fact this 
may require more time than a staged test. In many 
cases the range of variation of electrical quantities on 
low voltage tests is rather limited compared to the 
various possibilities with staged tests. Low voltage 
tests give no check on selectivity, current trans- 
former performance, potential transformer per- 
formance, and may not give any check on bell alarm 
schemes or on interlocks. Staged tests will give a 
check on the accuracy of calculations, phase mark- 
ings, line constants and other system data used in 
short circuit calculations, speed of circuit breaker 
opening, adequacy of potential supply, breakdown 
in ratio of bushing current transformers, perform- 
ance on 2-phase to ground short circuits and other 
conditions difficult or impossible to calculate. 


PLANNING PROCEDURE FOR STAGED TESTING 


Much of the description given below is common to 
all staged tests of high speed distance relays on 
transmission systems, but is given in view of the lack 
of published information on the actual procedure. 
The value of the results obtained from staged testing 
is very largely dependent upon the time and skill 
available for working out the test procedure. Staged 
tests on any system become more important and 
valuable from year to year, because the experience 
obtained in previous tests can be utilized as a basis 
for planning future tests. 

The risk to equipment is negligible. Staged tests 
of all kinds have been carried on on this system for 
8 years. Interruptions to service on, account, of 
staged tests have been negligible. 
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Very little information is available from manufac- 
turers on staged testing. On account of the need of 
time to make plans for staged tests, it is desirable to 
plan these tests at least one week ahead of time if 
possible. In emergency, staged surveillance tests of 
limited scope have occasionally been run on less than 
12 hours’ notice, but conditions are not always 
such as to permit this procedure.. The certainty, 
accuracy, and utility of the results will be more or 
less directly proportional to the time spent in plan- 
ning. Procedure in arranging for staged tests will 
usually follow more or less the following outline: 


1. Determine scope of tests. 


Determine the general scope and extent of the tests. This really 
amounts to listing the questions to be answered by the tests and 
determining the emergency operating conditions which should 
provide the answers to these questions. 


2. Arrange for service interruptions. 


Make arrangements with the commercial departments or others 
concerned for permission to interrupt customers by appointment, 
or if there will not be any interruptions, investigate the effect of 
surges or voltage variations and get the consent of those concerned. 
If tests are to be made on the high voltage system, it is well to notify 
interconnecting companies. 


3. Codperate with communication organizations. 


Unless all the tests are to be phase-to-phase short circuits, and there 
is no possibility of accidental or intentional faults to ground, all 
communication companies likely to be affected by ground current 
should be notified. While this can sometimes be done on short 
notice, it involves considerable expense and loss of time to stop 
field crews and have them wait until the tests are over, and it is 
much better to have other work planned for them a few days 
ahead of time. 


In a few cases involving main toll routes it may be impossible’ to 
re-route all traffic except late at night or on Sunday. Occasion- 
ally where induction is expected the telephone company will have 
the operators turn down the lines against traffic. This considerably 
complicates the test schedule and generally results in making it 
very difficult to get through long distance calls for dispatching or 
to communicate with the telephone test board. It is therefore 
desirable to insist that the telephone company either re-route 
affected lines, or notify the power company dispatcher before turn- 
ing them down to traffic. 


The communication companies will frequently desire to make tests 
of their own at the same time the power company is testing and are 
usually willing to interchange data and observations. This is of 
considerable assistance to the power company, especially in case 
of the telephone company, since the Bell System generally makes 
available considerable oscillographic equipment and trained ob- 
servers, and it may provide facilities for measurements that the 
power company cannot easily handle. 

As will be noted from the above suggestions it is vital that the operat- 
ing department of the power company work in close codperation with 
the plant departments of all affected communication companies in 
planning and executing the tests. 

Needless to say, the same notification should be oer the telephone 
department of the power company. 


4. Consider power system load conditions. 


In many cases the schedule for the tests will be governed by load 
conditions on the power system. Certain tests may not be eco- 
nomically practicable except under certain generating and load 
conditions, and the tests should be planned far enough ahead to 
permit them. to be carried out successfully with the minimum addi- 
tional expense for power. 


5. Testing advantageous at time construction is 
completed. 


As nearly as possible the starting of staged tests should be syn- 
chronized with the completion of construction. Testing before 
construction is completed is likely to be a waste of time, since there 
is no assurance that control wiring may not be changed. If con- 
struction is completed before testing is begun, major equipment 
should not be cut in service until protective equipment is com- 
pleted and finally tested. The arrangements that held during 
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construction should be maintained until testing is completed. 
Cutting in power equipment or lines initially without protection 
or with untested protection results sooner or later in serious trouble 
for the relay department, including lack of confidence in personnel 
and equipment. With these factors in mind it is usual to plan 
installation testing to begin immediately after construction is com- 
pleted, allowing some time for unexpected delays in completing 
construction. If the construction crew is released before testing 
is done, it is generally advisable to keep at least a switchboard 
wireman so as to change control wiring as required to get correct 
phasing. Some companies do not put up meter and relay con- 
nections permanently until after final tests, but this has the dis- 
advantage that it is difficult to complete these connections in a 
permanent manner during the tests, and if the work is done later 
it cannot be checked. Every effort should be made to have all 
control changes completed before or during testing, so that there 
is a minimum possibility of unsupervised and untested changes 
afterward. 


6. Predict fault currents. 


The approximate magnitude or limits of expected fault currents 
should be determined by calculation or on a short-circuit table, 
and furnished to the test men. These data will determine the 
ranges of oscillograph shunts, the ratios of current transformers, 
potential transformers, and indicating meters. 


7. Secure good ground connection. 


The faults should be placed at a location where there is a good ground 
connection, if ground faults are to be made, or if there is any possi- 
bility of accidental faults to ground. Where this precaution is not 
available it is necessary for all observers to keep possibly 100 ft 
away from the fault, and avoid any connection of instruments in 
the circuit between the fault and ground. Where good ground 
connections are provided, the ordinary insulation in instruments 
and control leads is sufficient against the rise of ground potential, 
and there is no danger to observers unless the ground lead is touched. 
It is good practice to make ground resistance tests with a ground 
megger and to see that all grounds at the point of test are solidly 
tied together and are of sufficient conductivity that they will not 
burn open. 


8. Maintain company communication facilities. 


Arrangements should be made to preémpt the communication 
facilities needed for dispatching during the tests, and other depart- 
ments should be given sufficient notice, so as to incur the minimum 
inconvenience to routine traffic on the company telephone lines. 
If this is not done considerable expense and unsatisfactory test 
results are likely to result from delays in switching caused by lack 
of communication. Without constant communication any incorrect 
relay operations or unexpected difficulties may interrupt service to 
customers, and it is therefore desirable that points involved in 
switching and testing should have 1 and preferably 2 means 
of communication at all times during the tests. It is generally 
desirable to maintain telephone communication between all points 
affected, for several minutes before and after each test. This also 
facilitates getting a prompt record of the test results and restoring 
service quickly. However, on ground tests the company tele- 
phones may have to be disconnected by opening the entrance 
switch, if induction is unusually heavy and if communication during 
the fault is not absolutely required. It is also desirable to have a 
telephone man pull the carbon blocks on the telephone protectors 
if the rise of ground potential is above that required to ground the 
carbon blocks but below the flashover point of the rest of the inside 
witing. In synchronizing test procedure between distant points 
without communication, telechron clocks with second hands are of 
great service. 


9. Arrange for personnel necessary. 


The personnel present at the scene of the test or at strategic points 
on the system will naturally vary with the nature and extent of the 
tests, but in general there should be men present to read the test 
instruments, operate the oscillograph, develop films, handle dis- 
patching, make calculations (in case of unexpected set-ups), check 
relay performance, make permanent changes in wiring, and keep 
the communication equipment working. The relay engineer or 
the head of the system operating department is likely to be in 
general charge of the tests and is generally present at a point where 
he can keep in close contact with the dispatchers and with the relay 
men. If some of the functions mentioned are handled by other 
departments, it is desirable to have a department head or super- 
visor from each other department available at the same point, so 
that decisions can be promptly made and carried out. 


The Telay engineer should have available general system short- 
circuit data, wiring diagrams, instruction books, relay settings, and 
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all the necessary information to check the results of the tests as 
they are obtained, and to modify the schedule of tests as required 
in order to obtain the most valuable data. 


10. Various types of artificial faults. 


On most relay tests it is desirable-to observe the performance of the 
relays under all fault conditions: single phase to phase, 3-phase 
to phase, single phase to ground, and 2-phase to ground. On 
distance relays one of the surest tests of correct phasing and con- 
nections is for the relays to clear a distant fault in the same time 
for both single and 3-phase conditions. (This assumes delta 
connections of current transformers.) On distance relays it is 
also desirable to make tests with power supply from either end 
and from both ends. This last condition is difficult to meet, unless 
the line has a tap with a switch in it. So far as we know, there has 
never been developed any satisfactory means of placing a temporary 
fault on a hot transmission line with power supplied from both ends, 
except to close a branch line switch. If fuse wire is pulled across 
the line with a paraffined rope there is some possibility of damaging 
the line, unless high speed relays and breakers work perfectly. On 
moderate voltages, the most successful scheme has been to fasten 
a copper ring several inches in diameter on the end of each phase 
of the bus and pull a treated rope through the rings. On one 
portion of the rope a fuse wire is wrapped between the strands to 
start the arc. The rope does not last long as it finally becomes 
carbonized. Furthermore, tests involving rope without other 
insulation cannot be made except in dry weather. Where the fault 
can be placed on the line by closing an air break switch or oil switch 
either a solid fault or arcing fault can be provided. Solid faults 
were at first favored as being somewhat quicker and easier to 
handle, but we now use arcing faults almost altogether. Arc faults 
can be started by fuse wire, wet rope or cord (preferably soaked in 
salt water), or by small copper wire. If copper wire is used, calcu- 
lation should be made to be sure it will fuse quickly enough for the 
purpose of the test. The arc from a fuse has the advantage that 
it will clear as soon as power is removed. Air break switches are 
not seriously burned by closing on to faults but of course should 
not be opened unless the fault clears. At 110 kv arc faults around 
20 ft can be maintained, although we normally use about 4 ft or 
the length of an insulator string. At 2,300 volts it is impossible 
to maintain an arc more than a few inches, but at 154 kv the arc 
can be drawn out to surprising distances. Dependence therefore 
should not be placed in separating the arc terminals to put the are 
out as it is pretty sure to hang on until the power is cut off. If 
there is any breeze present the arc is likely to travel a considerable 
distance, unless it occurs on top of horn gaps or between other 
isolated high points. Sufficient overhead clearance should also be 


- provided on arc faults as the arc will rise to surprising heights. 


Unless a ground fault is made, adequate clearance should be pro- 
vided so that the arc cannot unexpectedly go to ground (and prob- 
ably interrupt communication). Almost no interference with 
communication is experienced on straight phase faults. In placing 
solid faults, conductor of the same size as the transmission line 
should be used. Ground chains will not stand this service as they 
arc between links and are likely to burn in two on a single test. 
The most convenient way of placing single end faults on a trans- 
mission line is to place a solid fault across the bus side disconnecting 
switches of an oil circuit breaker and then close the breaker on to 
the line. If the disconnecting switches are 6-pole gang operated, 
the coupling between the line and bus side operating bars can be 
removed so as to close the line side disconnects. 


11. Provide back-up relay protection. 


It is well to provide back-up protection so that if some particular 
circuit breaker fails to operate the fault will not stay on the system 
indefinitely. It is general practice to block one or more breakers 
to insure uninterrupted service to important customers during 
tests, especially since the relays under test are likely to have their 
time set up to facilitate observation. To permit better observation 
of the performance of distance relays during fault conditions it is 
usual to open the trip circuit of the relays being observed if there 
is another breaker which can clear the fault. It is always desirable 
to use first a breaker and set of relays at some other station which 
has been tested previously to perform the actual function of clearing 
the short circuit. During these early tests the new relays may be 
observed to make sure that their phasing, polarity, etc., is correct, 
after which they may be used to clear the short while the details 
of their operation are being studied. 


12. Time between successive tests. 


The usual time between tests will vary from 15 to 60 min (although 
the writer witnessed a large series of tests on one system run on 
5-min headway). It is desirable to notify the communication com- 
panies before each test. On development tests it is very difficult to 
follow a pre-arranged schedule. 
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DETAILS OF A TYPICAL SHORT-CIRCUIT TEST 


To illustrate the detailed test procedure in a typical 
case reference should be made to Fig. 1, which is a one 
line diagram of 2 switching stations on the Ten- 
nessee Electric Power Company’s system. Station 
B had been thoroughly tested several months pre- 
vious while station A had just been completed with 
the switching arrangement shown. Station B se- 
cured a clearance on circuit breaker 2 and placed a 
3-phase short circuit on the line of this oil circuit 
breaker. The tie line on circuit breaker 8 (station A) 
is a direct tie to a generating plant where it is tied 
into the system. There are no loads tapped off of 
this tie line. On the other hand the tie line on 
circuit breaker 9 has a number of tapped loads some 
of which are very sensitive to voltage changes. The 
tie line on breaker 2 has tapped loads but these were 
supplied from the other end of the tie line by opening 
a sectionalizing air break switch at the load nearest 
station B. The particular switching arrangement 
shown is for the testing of the relays on breaker 6. 
It can be noted that the only customers subject to 
any severe disturbances are those tapped off of the 
tie line between breakers 6 and 4. Of course the 
system was subject to a slight voltage drop in feeding 
‘the short circuit by way of tie line 8. 

For this particular test the relays on breaker 2 were 
allowed to operate with their normal settings. After 
the oscillograph had been started, breaker 2 was 
closed onto the short circuit and allowed to open by 
relay. At station A the instantaneous elements of 
the distance relays on breaker 6 were set for a re- 
actance of 110 per cent of the line reactance from 
station A to station B. This follows the principle of 
leeway in that the relays are allowed 20 per cent in 
their final settings. Their trip circuits were dis- 
connected from the breaker trip coil and instead a 
resistor arrangement was used so that the relay tar- 
gets would operate and the time when the relays 
would have tripped the breaker would be recorded by 
the oscillograph. The operation of the various ele- 
ments of the distance relays on breaker 6 was ob- 
served during the test while the oscillograph film 
gave considerable data on the transmission line con- 


stants and also recorded the speed of the relays for 
instantaneous operation. 

Since the relays operated successfully on this test 
the relays on breaker 2 were set so as to give a total 
time of approximately one sec. The relays on 
breaker 6 were then set so that their instantaneous 
elements would operate on a reactance of 90 per cent 
of the reactance of the line from station A to station 
B and their intermediate time elements were set to 
operate for a reactance 110 per cent of this value. 
These values allow the same margin over the final 
settings as before. The intermediate time was set 
at 60 cycles and the relays arranged to operate the 
oscillograph only as in the previous test. These 
special connections of the relays were made by means 
of test jacks inserted in test blocks permanently in- 
stalled on the switchboard, so that no part of the 
permanent switchboard wiring was changed. In this 
manner the possibility of leaving a set of relays re- 
versed or inoperative after the tests are finished is 
reduced to an absolute minimum. Breaker 2 was 
closed onto the short and allowed to relay as before. 
During the short circuit, observers read the position 
assumed by the reactance arms of the distance relays. 

Following these tests a similar test was made 
except that 2 phases of the line were shorted to- 
gether instead of all 3. The relay corresponding 
to the shorted phases should indicate the same re- 
actance as it did during the 3-phase short-circuit 
test (assuming delta connected current transformers). 
The final check on the distance relays of breaker 6 
was made later when an arcing fault was placed at 
station A on the line side of breaker 6. In this case 
the relays were allowed to trip the breaker. By 
means of the oscillograph a check was obtained on 
the accuracy and speed of the relays for nearby short 
circuits and in addition the performance of the oil 
circuit breaker could be analyzed. 

In testing the relays on oil circuit breaker 8 a short 
circuit was placed at the far end of the tie line. Dur- 
ing the earlier tests the performance of the relays on 
this circuit breaker had been observed with regard to 
phasing and polarity by reversing these relays and 
blocking their trip circuits with test jacks. It was 
therefore thought unnecessary to arrange for the 
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breaker at the far end of the tie line to clear the short 
circuit. For these tests station B was arranged so 
that all oil circuit breakers were closed and all trans- 
fer bus air break switches were open. At station A 
oil circuit breakers 6 and 7 were closed and 9 was 
open. Oil circuit breaker 8 was used to close in onto 
the short circuit. Air break switches 23 and 19 were 
closed. This arrangement was used in order to 
supply sufficient short-circuit current for the tests. 
A good many customers were subjected to a slight 
drop in voltage but the impedance of tie line 8 acted 
as a cushion for them. 

In testing the relays on breaker 9, it was desirable 
to cause as little disturbance as possible to the cus- 
tomers located along this line. Consequently for the 
early tests, air break switches 18, 24, and 19 were 
closed, and oil circuit breakers 6 and 7 were closed 
while breaker 8 was open. Breaker 9 was used to 
close in on the short circuit at the end of tie line 8 by 
way of the transfer bus at station A. Of course an 
air break switch at the nearest customer on tie line 9 
had been opened before the test. After the relays on 
breaker 9 had been checked in this manner as thor- 
oughly as necessary, the system set-up was changed 
and an arcing short was placed at the far end of tie 
line 9. Breaker 9 was allowed to open by relay and 
to reclose instantly by means of its regular instan- 
taneous reclosing relay. In this manner considerable 
data on the line constants was obtained by means of 
the oscillograph, with only one disturbance to the 
critical customers on tie line 9. 

Many expedients may be used where the full 
switching facilities shown on Fig. 1 are not available. 
For example, certain makes of 6-pole gang operated 
disconnecting switches may be made to operate 3 poles 
at a time by removing one pin in the operating 
mechanism. At times itis necessary to place a short 
circuit on the bus side of the oil circuit breaker and 
reverse the relay connections by means of test jacks. 


TypicaAL Low VOLTAGE TESTS 


In making installation tests of distance relays it is 
customary to give them a thorough mechanical in- 
spection as soon as the switchboard portion of the 
construction is completed. Most manufacturers give 
rather thorough and specific instructions regarding 
the mechanical adjustments and clearances of the 
various portions of their relays. One possible point 
of disagreement is that the manufacturers have been 
insisting on a rather large amount of wipe in their 
various contacts. Operating companies have found 
this practice undesirable in many cases and the 
modern tendency is to use better contacts and to 
require less wipe. Some makes of relays are easier to 
adjust mechanically on account of the fact that larger 
forces are present in the relays during operation. 
Relays using an outside source of power such as the 
d-c control circuit for the operation of timing units, 
etc., will of course have more volt-ampere burden 
available for operating their distance measuring 
elements. Some mechanical adjustments are best 
determined by low voltage electrical tests. 
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THE Use or Test BLOCKS 


Adequate testing of relays presupposes adequate 
test facilities, such as the test block arrangement 
shown in Fig. 2. The particular relays are General 
Electric type GAX and the subsequent discussion 
refers principally to this type of relay. It is well to 
adopt a standard test scheme in the early stages of 
applying a given type of relay to a system and to 
refrain later from making even minor changes in this 
test scheme unnecessarily. 

Low voltage testing can be of great assistance 


before the staged tests in checking the external con- — 


nections of the distance relays. In Fig. 2 is shown 
the correct phasing for distance relays when the 
system phase sequence is A, B, C. When the circuit 
shown in Fig. 2 feeds a unity power factor load the 
current and potential of each distance relay should be 
in phase and should be in the same relative direction 
in the relay (vertically) at any instant. To check 
this, a phase angle meter, ammeter, and voltmeter 
may be connected in the test circuit as shown in Fig. 3. 

A scheme of connections for the low voltage testing 
of the relays themselves is shown in Fig. 4. A some- 
what simpler arrangement may be made by the use of 
a tapped reactor which takes the place of the phase 
shifter and phase angle meter but the arrangement is 
not nearly so flexible particularly when testing the 
starting units of the relays. 

In testing distance relays by means of low voltage 
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test equipment it has been found advantageous to 
check each portion of the relays separately and to 
conclude the test with an overall check of all of the 
elements operating together. 

Considerable leeway can be allowed in the pick-up 
of the starting unit since this unit does not perform 
the distance measurement. The principal quantities 
to be determined are an approximate curve of am- 
peres to pick-up against applied volts for the phase 
angle of maximum torque, and two or more curves of 
current against phase angle with the applied voltage 
held constant. It is evident that at the lower volt- 
ages the time of operation of the starting unit assumes 
importance instead of its pick-up value. Accordingly 
connections are made so as to check the time of opera- 
' tion of the starting unit contacts for low voltages and 
extremely low currents for both resistive and reactive 
faults. The operating times thus secured are much 
higher than the actual time of operation encountered 
in service. This latter time should be obtained by 
means of an oscillograph during staged tests and the 
higher values used to check internal connections, 
relay adjustments, etc., and to check the operation of 
the potential amplifying equipment of the relay. 

It has been found good practice to calibrate the 
reactance unit with considerable accuracy at the 
nearest even scale division to the final setting of the 
instantaneous knob. This can be done quite readily 
by adjusting the pole pieces of the distance element 


while the desired current, voltage and phase angle ~ 


are being held constant on the relay. After the 
distance unit has been set in this manner it is of 
considerable value to check this unit at different 
portions of the scale and also on different ohmic 
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taps since an emergency change in setting might 
become necessary sometime in the future. Besides 
this test the ohm unit is checked by taking a curve 
of the indicated reactance against secondary current 
with constant reactance. The time unit of the relays 
may be checked at various points on the scale 
against the cycle counter of the test equipment. 

In making the final overall check of a distance 
relay it is well to employ the principle of “leeway”’ or 
“safe margin.” If the operating time is higher than 
expected it is a fairly simple matter to determine 
which portion of the relay is responsible for the 
additional time. Any extra time introduced by the 
ohm unit may usually be eliminated by making sure 
that the instantaneous contact does not have any 
appreciable wipe. By holding the contacts of the 
starting unit and ohm unit closed it is possible to read 
directly the time delay introduced by the auxiliary 
relays and to adjust these relays whenever necessary. 
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Relaying of High Voltage Interconnection 


Transmission Lines 
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Synopsis.—This paper presents an operating engineer’s point of 
view of the practical and theoretical problems presented in applying 
relays for the protection of high voltage open wire interconnection 
transmission lines. It points out that the relaying of such lines involves 
problems which are not ordinarily present in the relaying of intra- 


system lines. These problems are enumerated and the extent to which 
modern relaying meets them is discussed. It is shown that the most 
satisfactory schemes are very expensive and the cheaper schemes are 
not entirely effective. The limitations of available schemes are dis- 
cussed and their economics compared. A theoretical solution is proposed. 


systems by means of high voltage transmission 
e lines has expanded so rapidly in the past ten 
years that it no longer involves any major engineering 
problems in the usual application. This excepts 
the problem of stability which may or may not be 
present. The protective relaying of such lines has, 
however, not become standardized and the number 
of different schemes in use today indicates that com- 
plete agreement has not been reached. Moreover, 
the economics of the various schemes vary over wide 
limits. Both phases of the subject are worthy of 
the engineer’s study, and it is the purpose of this 
paper to discuss the merits of the principal schemes 
and indicate their comparative economics. 


YHE INTERCONNECTION of large power 


INTERCONNECTION RELAYING COMPARED WITH 
ORDINARY RELAYING 


The essential differences between the ordinary 
relaying of intra-system lines and the relaying of 
interconnection lines between systems may be 
enumerated as follows. The blocks of power to be 
transmitted over interconnection lines are usually 
much larger than over intra-system lines. This 
alone does not necessarily effect the choice of relay 
schemes but in combination with the next point it 
presents a limitation. The second point is that the 
lines are usually of high impedance, being in the 
ordinary case long open wire lines with large phase 
spacings to accommodate the high voltages em- 
ployed. The stability limits of such lines are critical 
and this imposes the first definite requirement on the 
relaying of these lines, namely, that of high speed 
operation. In this paper it is assumed that high 
speed circuit interruption of the order of 6 to 8 cycles 
is supplied where high speed relaying of approxi- 
mately 2 cycles or less is employed. 

The third point of difference is the peculiar condi- 
tions imposed on such relays while the systems are 
oscillating with respect to each other. These condi- 
tions may also be present on intra-system lines where 
various power sources are connected by the system 
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transmission lines, although the magnitudes of such 
power swings are usually less. The relays should be 
capable of differentiating between the conditions of 
power flow caused by faults on the interconnection 
line, and the power flow caused by hunting between 
the systems. In the latter case it is most important 
that the relays remain inoperative since the con- 
tinuity of the interconnection at this particular time 
may be most important, as the cause of the swinging 
may readily have been a case of major trouble on 
one of the systems and part of its power sources 
may have been rendered unavailable. Hence it is 
vital that the interconnection transmission line re- 
main in service to deliver emergency power to the 
system whose load may now exceed the connected 
generation. On the other hand the relays on such a 
line should be capable of detecting power swings 
which indicate severe out-of-step conditions. When 
such conditions occur it is usually best for the systems 
to be separated and the relays should accomplish 
this. 


REQUIREMENTS OF THE IDEAL RELAY SCHEME 


Hence we may enumerate the requirements of the 
ideal relay scheme for the protection of an open wire 
high voltage interconnection transmission line, as 
they are considered in this article, as follows: 


1. Therelay scheme shall be inherently selective. 


2. The relays shall operate instantaneously (2 cycles or less) when a 
fault occurs. 


8. Therelays shall operate simultaneously on the ends of the line. 


4, The relays shall be unaffected by swinging conditions between 
the systems as long as the systems do not become out-of-step, in 
which case the relays should operate. 


5. The relay system should provide protection for both phase and 
ground faults. 


There are a few schemes of relay protection which 
meet most of these requirements as far as phase to 
phase faults are concerned and these will be discussed 
first. The detection of ground faults presents more 
complications in general. The distance type of 
phase relay protection will be considered first, 
not because it is the best scheme available but be- 
cause it is the one which is probably in most common 
use on interconnection lines constructed in the last 
few years. 
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Distance relaying has many inherent advantages 
to recommend it, such as its feature of automatic 
selective operation by fault location, its simplicity, 
and its low cost. It operates instantaneously for a 
large proportion of faults on the line. It also pro- 
vides back up protection, usually in the form of self- 
contained time element devices which are set into 
operation by other distance: measuring units within 
the relay. But it cannot be said that distance relay 
protection meets the high speed requirement since 
its principle of operation leaves a zone of approxi- 
mately 15 per cent of the line at the far end for a 
safety factor in distance differentiation. Faults 
in this zone are detected by the operation of time 
delay devices. Therefore it may be said that the 
distance relay meets the speed requirements only 
85 per cent, and the distance relay protection of both 
ends of a line meets the requirement only 70 per cent, 
since faults in the two 15 per cent zones are not dis- 
connected instantaneously or simultaneously. For 
the purpose of discussion it is assumed that the num- 
ber of faults on a line will be evenly distributed over 
its length. Hence the measure of the high speed 
ability of a relay scheme is that percentage of the 
length of the line on which faults are cleared in- 
stantaneously. The writer chooses to set distance 
relays conservatively with the balance point at 85 
per cent of the length of the line. This allows as 
high as a 10 per cent shifting of the balance point 
to occur from all causes such as changes in generator 
schedules, outages of intra-system lines, and equip- 
ment and personnel errors, without endangering 
selectivity. 

The time of operation of the distance relay scheme 
varies from a minimum of 1 cycle in 70 per cent of all 
fault locations, to a first time zone operation for the 
remaining 30 per cent of fault locations, the time for 
the 30 per cent zone being usually a minimum of 20 
cycles and frequently higher as conditions dictate. 
A time of 20 cycles permits a safety factor of 100 
per cent when selecting with a 2-cycle relay and an 
8-cycle circuit breaker. If fault locations multiplied 
by operating times could be averaged it might be 

said that the average operating time of the distance 
(70 X 1) + (30 X 20) 6.7 


relay scheme is 100 = 
cycles. It might therefore be said that the average 
operating time of distance relay protection ap- 
proaches that of a high speed scheme. 

Although the distance relay does not usually 
afford true high speed protection, there is one 
condition where this limitation is avoided. This 
is the case, sometimes found in practice, where a 
high voltage line has transformers at each end and 
the line circuit breakers are connected in the low 
voltage sides of the transformers. This makes the 


transformers a part of the line and their lumped 


impedances permit the distance relays to be set so 
that all faults on the line, and in parts of the high 
voltage windings of the transformers, will cause 
operation of the instantaneous elements of the relays. 
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This causes all line faults to be cleared instantane- 
ously and simultaneously at both ends. 

The instantaneous operation of distance relays 
over the initial 85 per cent of the line requires that 
the directional elements of these relays shall be of a 
high speed nature. This is not difficult of attain- 
ment if the fault is not too close to the bus, or if it 
involves only two phases. But a three-phase fault 
close to the bus may give a voltage of only 1 or 2 per 
cent of normal, being mainly the resistance drop in the 
arc. There is no voltage controlled directional 
element available which will operate instantane- 
ously under these conditions. It is therefore im- 
portant, where possible, to take relay potential for 
the directional elements only from the opposite side 
of the station power transformers. Thus any feed 
back through these transformers gives an impedance 
drop which will increase the voltage on the relay 
directional elements and speed up their operation. 

The economics of this type of protection are very 
favorable since no special high voltage or low voltage 
equipment is required and the cost of such an in- 
stallation compares with that of an installation of 
standard directional overcurrent relays. An ac- 
curate replica of voltage conditions on the high 
voltage circuit should be supplied to the relays but 
high voltage potential transformers are not absolutely 
necessary, as bushing potential devices used for this 
purpose are in successful operation. (See “‘Bush- 
ings Supply Potential,’ by H. A. P. Langstaff and 
P. L. Langguth, Elec. World, Nov. 24, 1928, p. 
1043-5. Also “Relays Operated From Bushing 
Potential Devices,” by P. O. Langguth and V. B. 
Jones, Elec. World, June 25, 1932, p. 1092-6.) 

Distance relays are made today in both the 
impedance and reactance types and their compara- 
tive merits have caused considerable controversy. 
Theoretically the use of the reactance principle with 
distance relays on open wire lines offers advantages 
because of the elimination of any consideration or 
effect of arc resistance. On the other hand the 


_ fact that the reactance relay will operate on normal 


system load characteristics, namely, small apparent 
reactance and high apparent resistance, complicates 
the use of this principle. The introduction of a 
fault detector relay is the solution of one manu- 
facturer. Another places a minimum reactance 
pick up on the reactance element such that normal 
load reactances will not be in the zone of operation. 
Both of these schemes have disadvantages; the 
former delays the operation of the relay while the 
fault detector element operates; and the other 
causes the relay, by the recommendation of the 
manufacturer, to be restricted to short line applica- 
tions. 

Each of the two types of distance relays has its pecu- 
liar advantages. The impedance principle is the 
simpler since only a consideration of ratios of quan- 
tities is concerned because the torque of such a relay 
is proportional to 7?—H?. The torque of a re- 
actance relay involves the angle between the current 
and voltage, being proportional to J?—EI sin ¢. 
This has the distinct advantage that the resistance of 
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the entire fault circuit is eliminated from all calcula- 
tions. But it complicates the operation of the relay 
since the angle ¢ may vary during the development of 
a fault, or after the clearing of a fault when hunting 
may exist between the interconnected systems. The 
same may occur for faults on the taps of tapped trans- 
mission lines. Such lines offer problems to any type 
of distance relay since the voltage at either terminal 
is not a true measurement of the distance to the fault 
by reason of the increased voltage drop due to the 
presence in the tap circuit of the summation currents 
from the two sources. 

In the writer’s opinion the use of the reactance 
principle, except on short lines where arc resistance 
may represent a large factor in fault impedance, 
does not seem to be as desirable as the simpler im- 
pedance principle. Furthermore from a practical 
standpoint, reactance relays are more difficult to 
calibrate in service than impedance relays. 

Experience with distance relaying shows that 
undesirable operations sometimes occur due to 
changes in the quantities presented to the relays. 
These changes are caused by developments at the 
fault as time progresses. The original relay interpre- 
tations are therefore more apt to give correct distance 
readings. This suggests the desirability of so modi- 
fying the design of distance relays that the original 
measurements determine the time of operation. 
This would prevent arc resistance, for instance, 
from increasing to the point of falsifying the dis- 
tance measurement of an impedance relay and would 
thus eliminate the main objection to this relay as 
applied to the short circuit protection of short lines. 
On longer lines of the type under discussion such 
errors are negligible. 

The operation of distance relays under conditions 
of system surging leaves considerable to be desired. 
The impedance type relay in general seems to offer 
the better chance of holding the systems together 
under such conditions since only ratios of currents 
and voltages are being compared in the relays. But 
it may give delayed operation for an out-of-step 
condition for the same reason. The reactance relay 
will be more sensitive to hunting and should operate 
readily for out-of-step conditions. It is, however, 
more apt to trip incorrectly during surging because 
at one point in the rotation of currents and voltages 
the relay is measuring system resistance only. The 
ability to separate interconnected systems during in- 
stability at the most desirable geographical point 
may offer a difficult problem with any type of re- 
laying. Some special form of out-of-step relay is 
usually the simplest practical answer. 

There are two schemes which compare directly with 
the distance relay for the protection of interconnec- 
tion lines, both of which suffer in comparison of 
economics but have distinct engineering advantages 
and some practical disadvantages. The first is 
pilot wire relaying. 


Pitot WIRE RELAYING 


Pilot wire relaying is an old art still somewhat in 
use but comprising only a small percentage of total 


SLEEPER 


Transactions A.I.E.E. 


system relaying today in this country. Its particu- 
lar advantages as applied to the protection of 
interconnection lines are its inherent selectivity and 
its feature of simultaneous operation at both ends 
for all locations of faults. The pilot wire relay 
scheme may be made to meet these two requirements 
perfectly and is the only scheme in common use to- 
day of which this is true. 

Pilot wire relaying is inherently a. high speed 
scheme and operates in an overall time of 1 to 2 
cycles in its most preferred forms. 

Another advantage of pilot wire relaying is its 
ability to operate independently of system condi- 
tions such as connected generating capacity and 
outages of transmission lines. The practical ad- 
vantage of this phase of any relaying scheme is para- 
mount to the operating engineer. The necessity for 
special calculations and the resetting of relays for 
different system set-ups is the bane of the operating 
man. 

A further advantage of pilot wire relaying is its 
ability to protect for both phase and ground faults, 
using the same set of relays. This feature is per- 
haps one of its most desirable characteristics since 
the range of current values for these two types of faults 
may run as high as nine to one even on a solidly 
grounded system. These data are a matter of actual 
record on a large 220-kv interconnection system 
and were taken from automatic oscillograph records. 
Some schemes of pilot wire protection, however, use 
separate phase and ground relays. 

The obvious disadvantages of this type of pro- 
tection are the high initial capital cost, the main- 
tenance cost and the operating hazard of maintaining 
pilot wires between the terminals of the high voltage 
line. A further disadvantage of this type of protec- 
tion is that it usually does not provide inherent back 
up protection for faults beyond its own terminals 
and such protection must be supplied in the form of 
additional relays. All of these features tend to 
make an installation of pilot wire relays expensive as 
compared with distance relays, or in general with any 
other types of protection involving only terminal 
equipment, with the possible exception of the carrier 
current scheme. 

Some of the more recent schemes of pilot wire 
protection have innovations which from an engi- 
neering standpoint render them inherently superior 
in their general protective features and economics 
as compared with the older types of this scheme of 
protection. Some of these schemes were described 
in “Relay Systems Utilizing Communication Facili- 
ties,’ by J. H. Neher, published in ELrcTricaL 
ENGINEERING for March 1933, p. 162-8. Such 
schemes are in effect merely means for comparing 
relay interpretations at the two ends of a line by utiliz- 
ing the pilot wires for d-c circuits only and for simul- 
taneously tripping the two terminal circuit breakers. 
In another arrangement, sometimes called “‘trans- 
ferred tripping,’ the pilot wires are used to permit a 
standard relay scheme at either end of the line to trip 
the other end as well, thus completely disconnecting 
the line with a relay time equal to that of the faster 
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relay system at either end. In general such schemes 
are distinctly superior to the a-c pilot wire schemes 
which usually necessitate low resistance pilot circuits 
and some of which have large normal electrical losses 
and require special current . transformers. 

These points are of particular significance if leased 
pilot circuits are to be employed since the use of the 
direct current prevents interference with adjacent 
communication circuits in the same cable. Only 
very small values of low frequency alternating cur- 
rent can be transmitted over circuits leased from the 
communication companies, and thus a-c pilot wire 
schemes usually require the installation of special 
pilot wire circuits. 

Another point of practical importance in con- 
nection with the use of a-c and d-c pilot wire schemes 
is that of providing means of insulating the terminal 
relay equipment from the pilot wires. The latter 
may operate at, or be raised by ground fault currents 
to, a higher value of potential above ground than the 
terminal equipment and protection must be provided. 
In the case of the a-c scheme it can usually be accom- 
plished rather simply by using insulating transform- 
ers. But since this is impossible with the d-c 
scheme it is usually accomplished by the intro- 
duction of insulation between the terminal and line 
parts of certain relays. It is important that such 
insulation be provided and a circuit established for 
the relief of dangerous overpotentials. The neces- 
sity for such provisions are among the disadvantages 
of this scheme of protection. Other disadvantages 
are maintenance hazards, sometimes aggravated 
by the maintenance personnel if leased circuits are 
employed; and the general difficulty of checking 
such schemes for service, particularly the older types. 

It is obvious that the scheme of pilot wire relaying 
can be designed to meet all the requirements of inter- 
connection relays as regards their performance under 
conditions of system surging. The scheme will 
inherently pass through blocks of power and remain 
inoperative, but if a severe out-of-step condition 
arises so that an electrical neutral is established 
between the terminals of the line, the pilot wire 
scheme may be designed to function as on a line 
fault. Some schemes of this type require the addi- 
tion of back up or out-of-step relays to accomplish this. 

The use of pilot wire relay protection on long open 
wire interconnection lines is very uncommon for 
obvious reasons. For short lines it may not be un- 
duly expensive. For longer lines, even where the 
use of leased pilot circuits helps reduce the invest- 
ment, the total cost is usually prohibitive unless the 
engineering features can be very highly capitalized. 
It is, however, very pertinent to note that this is the 
only scheme available today which meets all the 
requirements of the ideal system of interconnection 
relaying as defined in this article. 


CARRIER CURRENT PILOT RELAYING 


While not yet in broad use the scheme of using the 
high voltage line as a pilot for high frequency carrier 
relay currents has proved satisfactory on test and in 
limited service, and is a type of protection which un- 
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questionably offers an extensive field for future de- 
velopment. At the present time, however, the 
necessity of using expensive high voltage terminal 
equipment in the form of wave-traps, coupling ca- 
pacitors, highly insulated control wiring, vacuum 
tube control devices and special generators for the 
tube circuits, all tend to make the scheme unde- 
sirable for general use. However, this scheme has 
nearly all of the inherent advantages mentioned for 
pilot wire relaying and on lines of considerable 
length would be certain to prove more economical. 
It eliminates some of the disadvantages of pilot wire 
relaying, principally the necessity for the pilot wires 
themselves and their attendant maintenance diffi- 
culties, and in its latest form has all of the primary 
features of pilot wire relaying. 

Strictly speaking, this scheme does not come in the 
class of high speed relaying as previously defined; 
that is, a scheme which energizes the trip coils of the 
circuit breakers on both ends of the line in a time of 
2 cycles or less after the initiation of the fault. 
However, effectively it accomplishes almost as rapid 
total disconnection of the fault from the system, 
for all possible fault locations, as the pilot wire 
scheme, and averages faster than the distance relay 
scheme. The carrier current pilot relay scheme 
requires a time of 4 to 6 cycles for both circuit breaker 
trip coils to be energized after the start of the fault 
condition regardless of fault location. As pre- 
viously noted, in the most preferred form of pilot 
wire relaying this time is of the order of 1 or 2 cycles. 
We have seen that the operating time of distance 
relay protection varies from 1 to 20 cycles depending 
upon the location of the fault, and may be said to 
average 6.7 cycles for all possible fault locations. 
It therefore seems fair to classify the carrier current 
pilot relaying scheme as high speed relaying as a 
matter of practical application, although actually 
its time of operation is high by 2 or 3 cycles. The 
manufacturers claim that the overall operating time 
of 4 cycles of this scheme can be reduced. 

The engineering advantages of this scheme of re- 
laying as used on interconnection lines are practically 
the same as those previously enumerated for pilot 
wire relaying. 

The amount of special equipment at present used 
with this scheme is the principal disadvantage but 
its elimination is not an insurmountable engineering 
problem. The use of vacuum tubes for protective 
relaying may be questioned by the operating engi- 
neer, but one should not fail to recall the extensive 
use of tubes of this nature in devices much more 
complicated and operated by laymen. The use of 
monitoring devices with the tubes renders such an 
objection practically obsolete. Since the main 
objection to this scheme of protection is its cost it 
seems very probable that future developments will 
be in favor of the extension of this type of protective 
relaying. 


BALANCED RELAYING OF PARALLEL: LINES 


Where parallel circuits are used for interconnec- 
tion lines it is common practice to apply balanced 
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Fics. 1 AND 2—ScHEMATIC DIAGRAMS OF PARALLEL LINE 
PROTECTION 


Fig. 1—Duo-directional overcur- 
rent relays for balanced protection 
and directional distance relays for 
back up and single line protection. 
Trip circuits of duo-directional 
overcurrent relays interrupted 
when either line oil circuit breaker 
is open. Potential and trip con- 
nections omitted 


Fig. 2—Directional overcurrent 
relays for balanced ground pro- 
tection and directional distance 
relays for short circuit protection. 
Trip circuits of balanced ground 
relays interrupted when either 
line oil circuit breaker is open. 
Potential and trip circuits of dis- 
tance relays omitted 


relaying in some form because of its engineering 
advantages, its general simplicity, and its low cost; 
also the fact that it can be applied to ground protec- 
tion as well as to phase protection. However, one 
should not overlook the fact that single line relaying 
must be provided also if high speed relaying is de- 
sired under all conditions of operation, that is, with 
either one or two lines inservice. Hence the complete 
solution may be the initial choice of one of the above 
described schemes rather than the choice of the 
balanced scheme for the one operating condition 
only, the distance relay being preferred for cost 
reasons if stability conditions permit. 

There is, however, one very important engineering 
advantage to be noted in the use of balanced relaying 
as compared with distance relaying of parallel inter- 
connection lines. This is the instantaneous sequen- 
tial operation of the relays on the two ends of a line 
protected by balanced relays, as compared with the 
instantaneous and first time zone operation of dis- 
tance relays for all faults occurring in the end zones 
of such a paired line. The so-called end zone is the 
15 per cent of the line beyond the balance point of 
the instantaneous element of the distance relay. 
As previously described, when distance relays are 
used such faults lie within the instantaneous zone 
of the distance relays on the near end of the line, 
but require the first time element to operate to 
clear the far end. Hence the maximum total clear- 
ing time on the entire system is that of the time set- 
ting of the first time element of one relay, plus an 
instantaneous relay operation on the other relay 
plus the operating times of two circuit breakers. The 
minimum time would be that of the first time zone 
setting plus its circuit breaker and assumes simul- 
taneous operation of the relays at both ends. But 
with the balanced relay system the total time in- 
volved for this location of faults is that of one in- 
stantaneous relay plus one circuit breaker on one 
end, plus one instantaneous relay and its circuit 


SLEEPER: 


Transactions A.I.E.E. 


EPW-Gr = 100 

eee ro ee 
lew 2 als ay 
I>X i000: 1000 ts 


s 3 i008 wi 
RESIDUAL | 21000 z : 
REsiOUAL I =O 


Iey__ £901 Zioon NAAAAABAAAARAAR ARAN nA 
EY-Gr i000! 200 BM RANA 
ETN AAA 


pepomannneee icy es YU eV 4 Evey vi 7 


Fic.8—AUTOMATIC OSCILLOGRAPH RECORD OF A THREE-PHASE FAULT 
ON A 220-Kv OPEN WIRE LINE OF THE TYPE SHOWN IN Fic. 4 


breaker on the other end. This is of course due to 
the fact that after the first end has cleared, all of 
the short circuit current is available to unbalance 
the instantaneous balanced relays at the second end. 
Hence for all possible locations of faults on one of a 
pair of parallel lines it may be shown that with 
either balanced or distance relays approximately 
70 per cent of all faults will be cleared by the instan- 
taneous simultaneous operation of the relays on both 
ends; but with distance relays the remaining 30 
per cent of faults will always require the operation 
of one time element relay and may require the se- 
quential operation of one instantaneous relay plus one 
time element relay; whereas the balanced relay 
scheme will clear the remaining 30 per cent of faults 
in two sequential instantaneous relay operations. 
To all of these relay time values, of course, must be 
added the clearing times of the circuit breakers. 
In Table I is shown the comparative operating 
times of the various schemes. 

It is, therefore, obvious that the balanced system 
of relaying has distinct advantages where it can be 
applied, as. compared with distance relaying. It 
does, however, have certain practical disadvantages 
such as the cross connections between current trans- 
formers in some cases; the necessity for inter- 
locking the relays with the circuit breakers at the 
ends of the lines to prevent the tripping of the 
good line while the faulted line is clearing the second 
end; and the hazard of tripping a loaded line while 
switching in the other line of the pair. All of these 
complications favor the use of the simpler scheme 
of the distance relays. A scheme to combine the 
advantages of both and to eliminate some of the dis- 
advantages of each of these schemes is the use of 
balanced relays for two-line operation and distance 
relays for single line operation. (See Fig. 1.) 
A still simpler scheme is the use of distance relays 
for short circuit protection and balanced relays 
for ground protection. (See Fig. 2.) The latter 
is used on several 220-kv interconnection lines in this 
country and has been very satisfactory in operation. 

The use of balanced relaying for short circuit pro- 
tection is a very simple and effective solution to the 
problem of the non-operation of interconnection 
relays during surging between systems. However, 
to effect disconnection during out-of-step conditions 
requires the application of other relays. 


STABILITY CONSIDERATIONS 


It is pertinent to consider which of these various 
schemes of short circuit relay protection can be 


September 1933 


expected to maintain stability of the interconnected 
power systems under fault conditions. This ques- 
tion cannot be answered in a general way because 
each interconnection has individual characteristics. 
There are interconnections now in operation which 
by calculation cannot maintain stability if a three- 
phase short circuit exists longer than 3 or 4 cycles. 
Obviously no protective scheme can accomplish this 
today when the fastest high voltage circuit breakers 
available operate in a minimum time of 6 to 8 cycles. 
But if it is assumed that the fastest relaying scheme 
available will be satisfactory in this respect, then the 
comparative abilities of the schemes may be dis- 
cussed. 

As shown in Table I the fastest of the schemes 
considered operates to clear both ends of the line in 
a time of 9 cycles and is accomplished by pilot wire 
relaying. The carrier current scheme of trans- 
ferred tripping approaches the next closest with a 
uniform operating time of 10 cycles. The minimum 
operating times of two other schemes are only 9 cycles 
but their maximum times are considerably higher. 
Thus both the balanced relay scheme and the dis- 
tance relay scheme would maintain stability, under 
the assumed conditions, for 70 per cent of all faults. 
But in the remaining 30 per cent of cases the clearing 
time of 18 cycles of the balanced relay scheme might 
readily cause instability; and the time of 28 cycles 
of the distance relay scheme would probably be pro- 
hibitive in the majority of installations under three- 
phase fault conditions. This legitimately raises the 
question whether the operating time of 12 cycles of the 
carrier current pilot relay scheme should be con- 
ceded as satisfactory. There will unquestionably 
be cases and conditions where this scheme will not 
operate fast enough to maintain stability but in the 
majority of installations it is believed that it will. 
This discussion also raises the question of using the 
values of average clearing times as a proper measure 
of the comparative stabilities to be effected by two 
protective schemes. It can be shown by calculation 
that an interconnection which might under certain 
conditions be stable when a fault was cleared in 12 
cycles, would be certain to become unstable if the 
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time were extended to 28 cycles. It follows that 
maximum and not average clearing times should be 
used for such comparisons. 

Frequently an interconnection which cannot be 
maintained stable during three-phase short circuits 
will maintain stability readily during two-phase, or 
one-phase to ground, fault conditions. This may 
enable the most economical short circuit protective 
scheme to be applied if the limitations are acceptable. 
Some cases are on record where short circuit protec- 
tion has been entirely omitted and only ground 
relaying provided. Obviously this should not be 
considered in lightning territory. 


GROUND RELAY PROTECTION 


The matter of the ground relay protection of high 
voltage open wire interconnection circuits is one 
which may present a difficult engineering problem. 
Furthermore, it is a most vital one since a very high 
percentage of all faults on such lines are single-phase 
to ground. In three years of operation on the Penn- 
sylvania-New Jersey interconnection, a total of 82 
faults occurred. Of these 73 or 89 per cent were single- 
phase to ground faults, 4 or 4.9 per cent were two- 
phase to ground faults and 5 or 6.1 per cent were 
three-phase faults. This number of three-phase faults 
shows clearly the necessity for short circuit relay pro- 
tection on open wire lines in lightning territory. The 
oscillogram in Fig. 3 shows that ground relays had 
no opportunity whatever to function on one such 
fault on these lines. This fault occurred on a tower 
line of the type shown in Fig. 4. 

When the pilot wire or the carrier current relay 
scheme is used, the problem of ground protection is 
not always present since these relays may be set 
to operate for both types of faults unless extremely 
high values of neutral impedance are used which has 
not been done in this country to date on lines at the 
operating voltages considered in this article. With 
any of the ordinary types of balanced relaying 
schemes, or any type of distance relaying, a separate 
relaying scheme for ground faults is mandatory even 
on solidly grounded systems. This problem has 


TABLE I—COMPARATIVE OPERATING TIMES OF VARIOUS RELAYING SCHEMES ARRANGED IN ORDER OF MAXIMUM 
CLEARING TIMES 


Total relay time 
of two ends 


Relay time of 


Total time to clear 
fault from system 


Total clearing time (8 cyc. breaker) 
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All times are given in cycles. 
a. This allows one cycle for line relay plus one cycle for transferred tripping relay. 


Note: 


. Equals time of relay and breaker at near end plus relay at far end. 


b 
y (70 X 1) + (80 X 10) _ 3.7. 
d 


100 
. Equals 1 + 8 + 20 + 8 = 37 cycles possible maximum time for sequential operation of distance relays on parallel lines. 
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never been satisfactorily solved by a universal 
scheme other than the use of pilot wire relaying or its 
equivalent. The use of time element directional 
ground relays may offer a solution but this is usually 
not the case with high voltage interconnections as 
instability may easily be caused by the delayed 
clearing of a ground fault, although a certain amount 
of time is usually permissible, the amount varying 
with the individual case. 

A method which has been used with a very 
acceptable degree of satisfaction is that of a quanti- 
tative measuring scheme which uses either the first 
or second powers of the zero phase sequence current 
of the line to determine the location of ground faults. 
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Fic. 4—TypicaL TOWER IN A SECTION OF THE PENNSYLVANIA-NEW 
JERSEY 220-Ky INTERCONNECTION 


Simple overcurrent relays are used which may be 
set to operate instantaneously for certain locations 
of faults, but their zone of safe selective operation is 
necessarily limited because of the variations in the 
magnitudes of ground fault currents under various 
system set-ups. Hence if the scheme can be set to 
operate instantaneously to disconnect the line for 
ground faults over 75 per cent of its length from 
each end it is about all that can be reasonably ex- 
pected on the average under all conditions of opera- 
tion. This means, of course, that only 50 per cent 
of all such faults will be cleared simultaneously and 
instantaneously at both ends which is rather un- 
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satisfactory when overall system protection is con- 
sidered. The remaining sections of the line must 
therefore be protected by time element directional 
relays and again the prohibitive time feature is intro- 
duced. A redeeming feature to the scheme, however, 
is that a high percentage of faults outside the 50 
per cent zone will cause sequential operation of the 
instantaneous ground relays on the two ends of the 
line due to the resulting increase in current after 
the first circuit breaker has opened. This may oc- 
cur in an additional 40 to 50 per cent of possible 
fault locations, thus giving fairly rapid operation in 
about 90 or more per cent of all cases. On one in- 


_stallation where this scheme is used, calculations 


show that 50 per cent of all faults will cause simul- 
taneous operation of the instantaneous ground 
relays, and sequential operation of the same relays 
in the remaining 50 per cent of cases. The scheme 
also has the practical advantage that its very rapid 
operation for close faults usually permits stability 
to be maintained on the near system, and the re- 
duced power from the far system frequently permits 
that end to be cleared with a time delay without 
resulting in a serious disturbance. 

The use of distance relays for ground protection 
is recommended by the manufacturers and they 
have been installed to a limited extent in practice. 
Special current or voltage connections are recom- 
mended for such applications and an additional set 
of relays to those used for phase to phase protection 
is usually required. An alternative is to use one set 
of distance relays but to employ an auxiliary fault 
detector relay to change voltage connections when 
single-phase to ground faults occur. Reactance 
type distance relays would seem to lend themselves 
particularly to this scheme because of the possi- 
bility of varying degrees of fault resistance. 

Experience with such applications seems to indi- 
cate that the complex and variable conditions pres- 
ent at the fault offer a wide range of quantities to 
the relays. This frequently results in a shifting of 
the balance point and changing of the power factor 
of the total fault circuit thus causing erratic opera- 
tions of the relays for similar fault locations. Faults 
in the time element zones of the distance relays 
particularly offer problems due to changes in the 
fault characteristics with time. In general it can- 
not be said that the operation of distance relays for 
ground faults has been very satisfactory to date. 


CONCLUSIONS 


The conclusions which may be drawn are as fol- 
lows: 


1. - There is no standard relay scheme available today which meets 
all the requirements of the ideal scheme which can be universally and 
economically applied to the protection of open wire high voltage 
interconnection lines, 


2. The pilot wire scheme is the only one which meets all of the 
engineering requirements of the ideal scheme. Recent schemes of 
this general type using direct current on the pilot wires have con- 
siderably improved these features and lowered the cost of this type 
of protection. The outstanding engineering disadvantage of this 
scheme is the hazard of the exposure of the pilot wires themselves. 
However, it is the most costly of the schemes considered and is there- 


September 1933 


fore usually ruled out of consideration except on applications where 
no other scheme is possible, or where its engineering advantages may 
be very highly capitalized. Its future possibilities would seem to be 
limited. 


8. The carrier current pilot relaying scheme, as at present de- 


veloped, has nearly all of the engineering advantages of the pilot 
wire scheme and requires only terminal equipment. It has elimi- 
nated the outstanding disadvantage of the pilot wire scheme quoted 
above and while it cannot strictly be classed as a high speed scheme, 
for all practical purposes it may be so accepted. Its present out- 
standing disadvantage is its high cost. Its future possibilities seem 
very promising. 

4. The distance relay scheme is a practical compromise which is 
usually justified because of the present adverse economics of the 
above schemes. Its outstanding advantages are simplicity and low 
cost. Its outstanding engineering disadvantages are that its total 
time of operation cannot be classified as high speed relaying in the 
usual application; and its operation for ground protection is not 
entirely satisfactory. Its future applications will probably be 
numerous by virtue of its comparatively low cost but further de- 
velopments are needed to perfect this scheme, particularly for ground 
protection. 


5. The general scheme of balanced line relaying, where possible of 

application, approaches closer to the pilot wire scheme than any other 

scheme which employs only terminal equipment. The necessity for 

single line protection modifies these advantages. Also separate 

ground relays are required. It can be readily combined with other 

types of relaying and its economics are very favorable. Its future 
_ applications will probably be numerous on parallel lines. 


6. If the economic as well as the engineering requirements of an 
ideal scheme are to be considered it is evident that the following 
would apply: (a) The relay scheme shall require the installation of 
terminal equipment only; (b) The relay scheme shall compare in 
cost with an installation of modern directional overcurrent or 
directional distance relays. 


A SUGGESTED SCHEME 


A perspective view of the schemes reviewed shows 
that any one of three schemes would meet all the ideal 
requirements both engineering and economic, if at 
least one main objection could be eliminated from 
each scheme. The pilot wire scheme is too expensive ; 
the distance relay scheme is too slow; and the car- 
rier current pilot relay scheme is both costly and 
somewhat slow. It therefore would appear that a 
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theoretical solution would be to combine the de- 
sirable features of several schemes and to omit the 
undesirable features of all. This would seem to be 
accomplished by using the distance relay for speed 
and low cost, and extending the zone of operation of 
its instantaneous element by using carrier current 
for transferred simultaneous tripping of both termi- 
nal circuit breakers. 

Therefore, neglecting cost, it is suggested that one 
theoretical solution of the problem would be the use 
of a distance relay scheme for short circuit protec- 
tion, plus an instantaneous directional overcurrent 
relay scheme for ground protection, plus a carrier 
current relay scheme for simultaneously tripping 
the two terminal circuit breakers by the operation of 
any terminal relay. Such relays could be set to 
operate instantaneously for faults up to 60 per cent 
of the length of the line and thus all faults would 
cause at least one set of relays to operate instan- 
taneously. The scheme of simultaneous tripping 
would thus cause all faults to be instantaneously 
and simultaneously disconnected. 

It is recognized that the scheme of transferred 
tripping by carrier current is not yet commercially 
available. 
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Compensating Metering in Theory and Practice 


A Practical and Economical Method of Metering High Voltage Loads From the Low 
Voltage Side of Power Transformers 
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the low voltage side of a power transformer 

bank presents several advantages from both 
an engineering and an economic point of view. In 
general, the higher the voltage, the greater is the 
differential in cost between high and low voltage 
metering, and the greater is the economy if low 
voltage metering of the requisite accuracy can be 
provided. 

High voltage instrument transformer equipment, 
especially current transformers of suitable accuracy 
for metering, is particularly vulnerable with respect 
to damage by lightning and other disturbances. 
This applies mainly to suburban and rural territory, 
while in congested districts the space required for 
high voltage instrument transformers is frequently 
at a premium. 

Engineers both in the United States and abroad 
have given considerable thought to various methods 
of providing low voltage metering for measurements 
as of the high voltage side. The methods in use are: 


\ | EASUREMENT of high voltage energy from 


1. The application of compensating devices in the meter current 
and voltage circuits to correct for the ratio and phase-angle char- 
acteristics of the power transformers. Complete compensation by 
this method is relatively complicated, and in practice the initial 
calibration and the periodic checking of the compensating devices 
are usually beyond the scope of the average meterman. 


2. Adjusting low voltage meters so that their registration includes 
approximate increments for transformer losses.! This method is 
used to some extent in Europe, but in the United States has been 
confined to statistical metering. A disadvantage of the method 
for billing purposes is that the meter does not record the true energy 
that passes through it. 


3. In step-down transformers, current transformers on the high 
voltage side with potential from the low voltage side of the power 
transformers; or potential transformers on the high voltage side 
and current from the low voltage side. The former includes core 
losses but omits copper losses, while the latter includes copper losses 
but omits core losses. Both methods give less than the true high 
voltage registration. 


4. Compensating metering, which has been developed to provide 
a practical commercial method of metering of accuracy equal to 
that of metering on the high voltage side. 


CHARACTERISTICS OF TRANSFORMER LOSSES 


Losses in power and distribution transformers 
commonly are divided into iron and copper losses; 
the general characteristics of these losses for a 7.5-kva 
transformer are shown in Fig. 1. 

Iron losses consist of those due to magnetic 
hysteresis and those due to eddy currents, and are 
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constant for constant voltage and frequency. With 
constant frequency, iron losses vary approximately 
as the square of the applied voltage; this has been 
verified by tests (see Fig. 2). Tests have been made 
also for the effect of temperature on iron losses, and 
this has been found negligible. Variations in fre- 
quency have an appreciable effect on iron losses; but 
in view of the stability of modern transmission and 
distribution systems, their effect is of minor im- 
portance. The tests have included also the effect of 
voltage variation on reactive voltamperes of the iron 
loss (see Fig. 2), and in different transformers this 
has been found to vary as £*-° to #*-1, in general 
approaching closely to £* (where F£ is the applied 
voltage). 

Age may have an effect on iron loss, but this 
applies only to transformers constructed prior to 
1915. Different manufacturers adopted non-aging 
silicon steel cores at different times but in general 
between 1905 and 1910. The present iron losses of 
these older transformers are generally greater than 
that shown by the original factory tests. 

Test results of copper losses indicate that both 
watts and reactive voltamperes vary as the square 
of the load current. Because of the temperature 
coefficient of copper, however, these losses increase 
approximately 20 per cent with an increase in tem- 
perature from 25 to 75 deg C (see Fig. 1). 


PRINCIPLE OF COMPENSATING METER 


Transformer losses may be measured by a meter 
the registration of which at all loads is in accordance 
with the total loss curves of Fig. 1; such a com- 
pensating meter consists of an J? element calibrated 
in accordance with the copper loss, and an H? element 
calibrated in accordance with the iron losses of the 
transformer. Both elements are combined on the 
same shaft, which drives a register of the proper ratio 
to record the losses in kilowatthours. 

Figure 3 shows the general arrangement of a com- 
pensating meter that operates on the principle of the — 
induction watthour meter. The lower element serves 
for the measurement of copper losses, and it is ap- 
parent that the currents in both the current and 
“voltage’’ coils are proportional to the load current; 
in the upper or iron-loss element both the voltage 
and “‘current’’ coils carry currents proportional to 
the applied voltage. The torques of the 2 elements 
therefore vary as J? and E?, respectively, and their 
cumulative effect is recorded by the register. 

In calibrating a meter of this type it is apparent 
that a definite current (for example, 5 amp) repre- 
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sents by design a certain speed of the disk, which in 
turn represents a definite copper loss in watts for a 
given transformer. The value in watt-seconds for 
one revolution then may be calculated, and the 
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Fic. 1—Loss CHARACTERISTICS OF A TYPICAL 7.5-KvA DISTRIBUTION 
TRANSFORMER 


Core losses vary approximately as the square of the voltage; copper losses as 
the square of the current. Effects of temperature on core loss are negligible; 
effects on copper loss are shown by the curves 
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required register ratio to record in kilowatthours 
may be determined.’ In practice the speed of the 
disk may be varied by adjusting the permanent 
magnets, and hence, the meter may be calibrated 
for use with standard register ratios (see sample 
calculations, Appendix A). 

In adjusting the iron-loss element at a given volt- 
age, the adjustable resistor is used. With no current 
in the copper-loss element, on the basis of the watt- 
second constant as determined for the copper-loss 
element, the upper element is adjusted for iron loss 
at the test voltage. 

Transformer losses on polyphase circuits may be 
measured by applying a number of single-phase 
compensating meters, or the several elements may 
be combined into a multi-element meter as in Fig. 4. 
In that meter the E? and J? elements of each phase 
actuate the same disk. 
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ACCURACY CONSIDERATIONS 


In considering the accuracy of the compensating 
meter, 2 conditions require consideration: (1) the 
effect of temperature variations of the transformer 
on copper loss measurement; and (2) the effect of 
transformer voltage regulation on iron-loss measure- 
ment. While it is possible to design compensating 
meters to correct for these inaccuracies, it can be 
shown that their effect in terms of load-plus-loss is 
entirely within the accuracy within which it is 
possible to maintain watthour meters on high voltage 
circuits. It should be noted that the relation of 
loss registration to total energy is dependent largely 
upon the load, and with full load on a transformer 
the total loss generally will be less than 2 per cent 
of the load. It follows that even a 10-per cent error 


in losses would result in only 0.2-per cent error in 
At no-load, when the losses repre- 


load-plus-loss. 
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Fic. 3—SINGLE-PHASE COMPENSATING METER AND WATTHOUR 
METER CONNECTED ON LOW VOLTAGE SIDE OF A POWER TRANS- 
FORMER 


Compensating meter consists of one E2 and one J? element. 
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Fic. 4—ARRANGEMENT OF COMPENSATING METER FOR COMPLETE 
Loss MEASUREMENT ON A 3-PHASE 4-WiIRE CiRcUIT 


Meter consists of 3 combined E? and I? elements, and uses 3 disks which actuate 
a kilowatthour register 


sent the total high voltage load, the effect of voltage 
regulation is zero, and hence the iron loss measure- 
ment is accurate under this condition. 
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Fic. 5—(Lerr) VoLtTace 
REGULATION CURVES FOR 
A TypicaL 7.5-Kva Dis- 
TRIBUTION TRANSFORMER 


Fic. 6—(RicuHT) EFFect 
OF VOLTAGE REGULATION 
AND ‘TEMPERATURE ON 
THE ACCURACY OF LOAD- 
PLus-Loss METERING 


Curves show the maximum 
condition of error, which 
occurs with full load on the 
transformer; see Table I for 
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accuracy at smaller loads 


Temperature Variation and Voltage Regulation. 
The higher operating temperatures in transformers 
are associated with higher copper losses, and there- 
fore it is advantageous to base the copper loss adjust- 
ment on a temperature at or near the full load 
operating temperature of the transformer. The 
75-deg C copper loss has been used as the basis of 
adjustment for all calculations, tables, and tests. 

The practical effect of both voltage and tempera- 
ture variation has been calculated for a wide variety 
of conditions in Table I, which shows the percentage 
error in terms of load-plus-loss for a 7.5-kva trans- 
former. In practice these errors will be less than 
those shown, since compensating metering generally 
would not be installed on transformers as small as 
7.5 kva. Voltage regulation curves for the trans- 
former considered are shown in Fig. 5, and Fig. 6 
shows the accuracy performance graphically under 
the condition of maximum error as determined from 
Table I. 

High Voliage Metering Performance. The perform- 


TABLE I—EFFECT OF VOLTAGE REGULATION AND VARIATION 

IN OPERATING TEMPERATURE OF THE ACCURACY OF LOAD- 

PLUS-LOSS MEASUREMENT FOR 7.5-KVA DISTRIBUTION TRANS- 
FORMER* 


Per cent error in load-plus loss measurement 
Per cent power factor 
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* Copper-loss element adjusted on the basis of copper loss at 75°C, and core 
loss on the basis of no-load voltage. 


LEADING 
PER CENT POWER FACTOR 


ance of high voltage metering is of interest as a basis 
of comparison. Figure 7 shows typical accuracy 
characteristics for 2 types of meters connected to 
modern instrument transformers. The curves are 
based upon perfect adjustment of the meters, which 
are adjusted to correct for instrument transformer 
errors at the 3 setting points. Commercial tolerance 
generally would be of the order of +0.5 per cent 
from the values shown, and therefore the actual 
performance obtained in service would deviate to 
some extent from the curves. Some variations would 
result also from minor differences in characteristics 
between different meters and instrument trans- 
formers. It should be noted that the measurement 
of iron loss alone, which occurs on a high voltage 
installation at times of no load, is only with con- 
siderable error. The exciting current of modern 
transformers is of the order of about 2.0 per cent of 
the transformer rating, at power. factors that may 
be as low as 10 to 20 per cent. A 10- to 20-per cent 
error in the measurement of iron losses alone on a 
high voltage installation is not unusual; and in 
some cases iron loss alone is not measured at all, 
since its value is less than the starting load of the 
meter (see Table II, Appendix B). 
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Fic. 7—CHARACTERISTICS OF 2 TyPES OF WATTHOUR METERS WITH © 
INSTRUMENT TRANSFORMERS FOR HIGH VOLTAGE INSTALLATIONS 


Curves are based upon perfect adjustment of the meters at the 3 setting points 

at which the meter has been compensated to correct for instrument transformer 

errors. Note performance at extremely light loads at low power factor, which 

condition exists when exciting current only is measured on a high voltage 
installation 
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PRACTICAL APPLICATION 


Consideration of the characteristics of high voltage 
customers’ loads has made possible a practical sim- 
plification of compensating meters for such service. 
While theoretically, one compensating meter element 
is required for each transformer in a bank, the con- 
siderations discussed under ‘‘Accuracy Considera- 
tions’ have made possible the development and use 
of a simplified form suitable for most commercial 
polyphase services. Such a meter consists of 2 J? 
elements and 1 E* element. A precaution with A- 
connected transformer banks is that the impedance 
and reactance characteristics of the three trans- 
formers must be alike so that there may be no circu- 
lating current. This may be checked by calcula- 
tion.* Any bank in which there is an appreciable 
circulating current, however, is objectionable also 
from the point of view of transformer operation and 
should be corrected. If the transformers be such 
that the circulating current is negligible, the 2 
copper-loss elements can be calibrated for the total 
copper loss of the 3 transformers and the core-loss 
element for the total core loss of the 3 transformers. 
In a meter of this form, copper loss measurement is 
accurate for 2-phase and for 3-phase open-A trans- 
former banks, and core loss measurement is exact 
when the voltages are balanced. For 3-phase 
A-connected transformer banks the meter would be 
accurate for balanced load and voltage conditions. 
In commercial practice exact balance is rare; but as 
indicated under “‘Accuracy Considerations,’’ an error 
in loss measurement of even 10 per cent becomes 
negligible when considered in terms of combined 
load-plus-loss. 

As an example of an hypothetical case of an ex- 
treme condition of unbalance, a bank of 3 100-kva 
transformers (losses in accordance with sample calcu- 
lations, Appendix A) may be considered as carrying 
a single-phase load of 100 kva at unity power factor 
with no load on the other 2 phases. The condition 
of maximum error occurs when the load is connected 
so that the load current flows through both copper- 
loss elements. Under this condition the error in 
‘loss measurement approximates +21 per cent, but 
in terms of load-plus-loss less than +-0.4 per cent. 

Conditions such as these rarely if ever would occur 
in practice. The errors indicated may be eliminated 
by providing compensating metering for each trans- 
former. It is apparent, however, that the magnitude 
of these errors would not warrant the installation of 
the more complicated metering arrangement. This 
example has been cited to indicate that such load 
unbalance as may be expected on polyphase services 
would not affect the accuracy of the combined load- 
plus-loss measurement beyond permissible limits of 
tolerance, even when a lighting load is connected to 
one phase of a 3-phase bank. 


MEASUREMENT OF Loss DEMAND 


The maximum demand of the loss may be meas- 
ured with a demand meter by providing contacts for 
its operation or by the addition of standard maxi- 


COMPENSATING METERING IN THEORY AND PRACTICE 


819 


Fic. 8—A SINGLE-PHASE COMPENSATING METER SHOWING SEPARATE 
RESISTOR ASSEMBLY FOR CoRE Loss ELEMENT 


Meter consists of one E? element and one J?element. Watthour demand register 
gives losses in kilowatthours and maximum loss demand in kilowatts. Resistor 
assembly serves for calibrating the core loss element 


mum demand devices. The maximum loss demand 
always will be coincident with the maximum load 
demand in kilovoltamperes, and if the load power 
factor be constant the loss maximum demand will be 
coincident with the maximum kilowatt demand. 
Customers’ power factors, however, are not neces- 
sarily constant, and theoretically it would be possible 
for a customer to have a maximum kilowatt demand 
of 20 kw at unity power factor (20 kva) and a maxi- 
mum kilovoltampere demand of 10 kw at 10 per 
cent power factor (100 kva). In practice, however, 
such conditions do not exist. Table IV in Appendix 
B shows the relation of kilowatt to kilovoltampere 
maximum demands of 30 typical customers’ loads, 
together with the effect on accuracy of using the 
maximum loss demand instead of the simultaneous 
loss demand in determining the combined value for 
load-plus-loss. The maximum error noted was 
0.14 per cent, which is entirely negligible in the 
commercial measurement of maximum demand. It 
follows that the loss increment of maximum demand 
may be measured by applying a watthour demand 
register to the compensating meter. 


MEASUREMENT OF REACTIVE 
KILOVOLTAMPERE-HOURS 


Reactive kilovoltampere-hours of transformer 
losses may be measured with a compensating meter 
by calibrating it in accordance with the reactive 
kilovoltamperes of the core and copper losses. It is 
evident from Fig. 2 that the core-loss element should 
be adjusted at about the average operating voltage, 
since reactive voltamperes vary more nearly in 
accordance with the fourth power of the voltage 
rather than with the square as measured by the 
compensating meter. The error introduced into the 
determination of power factor is smaller than that 
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introduced into the reactive kilovoltampere-hour 
measurement. For low power factors the reactive 
kilovoltampere-hours of the transformer losses will 
be a relatively small percentage of the total, while 
near unity power factor a much larger change in 
reactive kilovoltampere-hours is required for a given 
change in power factor. The errors introduced into 
the power factor determination would be within the 
limits of commercial tolerance except for conditions 
where the installed transformer capacity is much 
greater than the maximum demand of the load. 
Table V in Appendix B has been calculated for an 
assumed load factor of 25 per cent, and covers opera- 
tion at several power factors for various conditions 
of maximum demand as related to transformer rating. 
It should be noted that the errors shown are for a 
10-per cent difference between the actual average 
voltage and the voltage for which the meter was 
calibrated during the entire reading period. It is 
apparent that when the meter is calibrated at or 
near the true average voltage, the errors will tend to 
cancel. 


CALIBRATION AND TESTING 


The method of calibration of the compensating 
meter with an ammeter and a voltmeter is self- 
evident from the general description of the method 
and from the sample calculation in Appendix A. 
Service tests may be simplified by using a rotating 
standard operating on the principle of the single- 
phase compensating meter, in which case compensat- 
ing meters may be tested in service by one man. 


ECONOMICS 


The desirability of using a compensating meter in 
preference to metering on the high voltage side will 
depend largely upon the savings to be effected, with 
due consideration to all features. A compensating 
meter installed would cost from $150 to $200 in 


Fic. 9—TypicaL PoLYPHASE CoMPENSATING METER PANEL 


neludes polyphase load meter (left) simplified form of polyphase compensating 
meter (right) and graphic demand meter (center) with test switches and resistor 
assembly in lower section 


SCHLEICHER 


Transactions A.I.E.E, 


addition to the cost of standard metering at the low 
voltage. Load-plus-loss metering equipment on the 
low voltage side usually may be installed indoors in 
buildings already available; for high voltage installa- 
tions, the greater cost of instrument transformer 
equipment, increased construction costs, the possible 
necessity for constructing special meter houses, or 
the erection of additional poles for mounting outdoor 
instrument transformer equipment must be con- 
sidered. Savings in space and the economic value 
of greater safety and continuity of service, as well as 
a possible greater accuracy of registration, all have 
a tangible value. Since practices and service con- 
ditions vary in different localities, the possible econo- 
mies that result from the use of compensating meter- 
ing may be evaluated only by considering the par- 
ticular conditions which apply. 


CONCLUSION 


It is apparent that the compensating meter makes 
practical the measurement of high voltage energy 
from the low voltage side of power transformer banks, 
with an accuracy equal to that of high voltage 
metering. Under some conditions improved accu- 
racy results; and for the measurement of energy as of 
a remote point on the supply lines, the method is 
particularly advantageous. 

The cost of adding a polyphase compensating 
meter to a standard low voltage installation is of 
the order of $150 to $200, and in comparison the 
greater cost of instrument transformer equipment 
alone frequently will be much greater for the higher 
voltage installations. Additional savings usually 
will result also from the lower construction costs. for 
low voltage as compared with high voltage metering. 

In practice, there are a few cases for which the 
compensating meter may not prove as economical as 
metering on the high voltage side. Examples are: 
(1) customers who are supplied by a relatively large 
number of transformer banks, all connected to one 
high voltage service; and (2) customers who operate 
part of their equipment at the service voltage. 

For the usual types of high voltage installations, 
either customers’ billing or statistical, the application 
of the compensating meter will frequently result in 
important economies. The method is of particular 
advantage: 

1. When the cost of load-plus-loss metering is less than that of 
metering on the high voltage side. 

2. When the limited space available makes the installation of 
high voltage metering more difficult, and hence more expensive. 

3. When the load conditions are such that the power transformers 
may be energized for considerable periods without carrying load. 

4. For exposed locations on the system where ordinary high voltage 
instrument transformer equipment may be expected to give trouble 
because of lightning or other disturbances. 

5. When it is desired to obtain registration as of the high voltage 
side to a point remote from the metering location. 

6. When a customer with a rate for low voltage service and with 
metering already installed, is changed to a high voltage service rate. © 
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Appendix A—Sample Calculations 


The application of a compensating meter to a 
specific installation will serve to illustrate the method 
of determining the initial calibration both for energy 
and reactive kilovoltampere-hours, and for the de- 
termination of power factor as of the high voltage 
side, on the basis of a test on the low voltage side. 


Conditions Assumed. A bank of 3 100-kva A-A transformers, 
13,800/280 volts, supplies the total load of a high voltage customer. 
It is desired to measure both energy and demand as of the 13,800- 
volt side, using a 230-volt 800-amp meter and a compensating meter. 
The secondary metering equipment is connected to the power 
transformer secondaries by 3 1,500,000-cir mil cables, each 20 ft 
long. 

Calibration of Compensating Watthour Demand Meter. The 
manufacturers of the transformers supplied the following data: 


Core loss Copper loss Per cent 

Transf. at rated at Per cent exciting 
No. voltage full load IZ drop current 
(a) starchensiene tre BBO vse Rios BLT Bik Wetevniteers 4 Lasaoemsiottes 3.0 
(i) Sateen reel SOON aah es’. i ) eae 4 0B ete aie oces 2.8 
(QR ook s:< sires STZ ee es. ayes LT iarnctedess ators A reps Meera cts 2.9 


Total core loss at 13,800 volts = 380 + 360 + 372 = 
RPL ew RCE Spies pees Berrie eich vba) lena adi aia sum idew’ esalerw Al viens ous (1) 


Total copper loss at full load on power transformers 
(753.1 amp secondary) = 1,175 + 1,165 + 1,171 = 
TUBS AHIR © Scio bathe ENS Gre 1S SI Ria Sonar er Oo ee eee (2) 


Using 800-amp current transformers, copper loss at full 
_ load on current transformers (5-amp secondary) = 
800? 
———s th OWES rete Mets tris, Einrsiees eee Sioa gel Wei ars 54) 5 Sy 3 
753.12 X 3,511 = 3,962 watts (3) 


Copper loss in cables (J?R) = 


The compensating meter as supplied makes one revolution in 3.6 
sec with 5 amp in the current circuit (both J? elements), To cali- 
brate the compensating meter to read in kilowatthours, the normal 
watt-second constant would be 


K, = 4,238 X 3.6’ = 15,256.8 watt-seconds per revolution 
SMR HEN ISIC s sree oe A cer NC Sonos, Gael: KS tenure anes aK ane PDeEe (6) 


To use a standard register, it is mecessary to have a standard 
watt-second constant. By referring to the manufacturers’ table 
of standard registers and constants, the watt-second constants 
closest to that desired are 17,280 and 12,960. Either of these 
watt-second constants may be used, and the choice may properly 
be made by selecting the one for which the demand scale of the 
watthour demand register provides sufficient overload capacity in 
relation to the full load losses. 


Total losses at 800 amp (Items 1 and 5) = 
(380 + 360 + 372) + (3,962 + 276) = 5,350 watts... GA) 
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Assume the use of a standard watthour demand register with a 
scale of 10.2 kw, a gear ratio of 2,777-7/9, operating with a watt- 
second constant of 12,960. (Register constant = 1.) The copper 
loss elements then must be recalibrated for a speed faster than 3.6 
sec per revolution. 


Required seconds per revolution = 


K, _ 12,960 
Total CopperLoss 4,238 


The core loss element then must be calibrated so that at 230 volts its 
torque will be equivalent to 1,112 watts. 


Seconds per revolution at 230 volts = 


oe _ 12,960 _ 
Total Core Loss = L112 =Al'EODS SECt ne PA. oti ale ee (9) 


For tests in service at other voltages, 225 volts for example: 


2 
seconds per revolution = oe X 11.655 = 12.178 sec......... (10) 


Calibration for Compensating Reactive Kilovoltampere-Hour Meter. 
If it be necessary to measure average monthly power factor, a 
standard reactive voltampere-hour meter may be used on the 
low voltage side, and a compensating meter added for reactive 
kilovoltampere-hours of the power transformer bank. 

The procedure is the same as for the watthour meter, except that 
the calibration of the elements is based on the reactive instead of 
the energy components of the losses. The required reactive volt- 
ampere values are calculated from the data of the transformers. 
The remaining calculations are the same as for the energy loss meter, 
substituting reactive voltampere values for watts. The constants 
of the reactive meter usually will be different from those of the watt- 
hour meter for the same transformer bank. 

For the installation under consideration, the following results are 
obtained from these calculations: 


Total reactive voltamperes of core loss at 230 


volts 8,629 
Total reactive voltamperes of load loss at 800 
amp = 13,243 
Watt-second constant (K;) = 43,200 
Seconds per revolution for copper-loss element (11) 
at 5 amp secondary (800 primary) = 3.202 
Seconds per revolution for iron-loss element at 
230 volts = 5.006 
Gear ratio (R,) = 8,333-1/3 
Register constant (K,) = 10 


Reactive compensating meters should be calibrated at approximately 
the average operating voltage. (See Fig. 2 for characteristics of 
reactive voltamperes of core loss. ) 

Calculation for Power Factor Obtained by Test. If power factor 
be obtained by test (as for example, with indicating instruments) 
tests made on the low voltage side may serve as a basis for calcu- 
lating power factor as of the high voltage side. For the installation 
under consideration, it is assumed that a power factor test on the 
low voltage side shows a load of 200 kw at 80 per cent power factor 
at 225 volts. 

With this method the values determined for energy and reactive 
voltamperes of both core and load losses, in accordance with Items 
1, 5, and 11, are supplied to the power factor tester. 

The service calculations are as follows: 


200,000 


arte Sas = 0.80 X 225 X V3 


= 641.5 amp.......(12) 


2 
Watts copner tess = oo = 2705... a (13) 


2 
Watts iron loss ae ae = 1. 0642), book iene nei (14) 


Reactive voltamperes of load loss 
641.5? X 13,243 _ 
La S00tae Pe 


Reactive voltamperes of core loss 
pe! 2254 X 8,629 _ 
2304 
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Coérdinating these values with the test results: 


Lee ee. 


Reactive Per cent 
Load Kw kva Kva power factor 
Low Voltage......... 200) 0055 5 crorstre PEO OOF, ecers ts ss 25000424 ter 80.0 
Tron Lossacs.verecdees LO eeeirea. 7.90 
Copper Loss: ..0. 2 si PART RIB Gis 8 CIC oor 8.52 
High Voltage......... 20S eS cas fe ators 16642 es 3 263..0007, cridetee: 77.5 


Appendix B—Test Data of Performance 
Under Various Conditions 


Comparative Results for a Service Installation. 
This test was made in an office building supplied 
from 2 2,300-volt 2-phase 3-wire services, each 
connected to a bank of 2 250-kva 2,300:115/230- 
volt transformers. Either bank may carry the 
lighting or the power load, and in case of emergency 
both loads may be supplied from a single bank. 
Results of these tests are given in Table II. 

Comparative Results for a Test Installation. Two 
7.5-kva 2,300/230-volt distribution transformers were 
connected to transform from 230 volts to 2,300 and 
back to 230. Identical meters were connected to 
the input and output sides, and a compensating meter, 
adjusted for the losses of the transformers, was con- 
nected to the output side. The tests included a 
wide variety of load and power-factor conditions 


SCHLEICHER 


Transactions A.I.E.E. 


over a relatively short period of time; the results 
are given in Table III. 


TABLE V—PER CENT ERROR IN REACTIVE KILOVOLTAMPERE- 
HOUR MEASUREMENT AND ITS EFFECT ON POWER FACTOR FOR 
DIFFERENCES IN APPLIED VOLTAGE FROM CALIBRATED 
VOLTAGE FOR THE ENTIRE READING PERIOD 


Based on: assumed load factor of 25 per cent; 3 100-kva transformers in ac- 
cordance with sample calculation Appendix A 


Maximum 
d kva d Per cent difference in Difference in 
in % iad reactive kva-hr % power factor 
of Neer y power Actual avg. voltage in % of calibration voltage 
rating factor 90 100 110 99 100 110 
100 +11.9....0....—12.9....—0.29....0....4+0.55 
100 86.6. 020+ 2.8... :0....-—_ 3.9. .2.—Ol81. 2.0 9... 24 
wee TO db Seteertes 2eOn co WOutne =. 2e9%. oo Ol. TOs Ose cet ee 
50 eect el 8222.08. ..55 2.8.5.5 =0550... 1 02. 8-02.79 
100 .- +15.4....0....—14.6....—0.40....0....+0.82 
75 { 866.03 Sdn O!. 2. — 6.0... — 1.082, 02 ee eo 00 
pits FO. Tic a Ee ea ce Ole hare Sis cs — 8 02 ORE ee tot 0 
» 50 cece 2.4.0..05. 0. = 320... . = 0272. 7720.25). 41.06 
100 ve 19.9.....0.-.. =—16.0.,...=0.70.. 102.22 -- 1566 
50 i 86.6500 4b 654. 20 Once = Genser 1 OL. ee Otaactes oD 
<a 10.00 ene EOL Ore nO Ole a. — Le D2t aac een cteetee 
- 50 sep fet BD), ie One 404 2 109) Oana aoe 
100 .. +24.0...:0....—17.0....—2.08....0....-4.09 
25 86.26... sec 8. Ol Oe 9 08s ei 29D Os eeeeos, 
aes Re 70.7 assis th Bea ne Oe ae) 82S h an i 2 Ue OR ee eco 
50 rte OL ea Ok tect Teed se cOS ani Osec ease 


It should be noted that the table shows extreme conditions of error since it 
assumes differences between calibration and actual average voltage of 10 per 
cent for the entire period of the reading. When a true average voltage is used for 
the calibration test of the reactive kilovoltampere-hour meter, the errors will 
tend to cancel. 


TABLE II—COMPARISON OF MEASURED INPUT, OUTPUT, AND LOSS KILOWATTHOURS ON 2 250-KVA 2,300:115/230-VOLT TRANSFORMERS 


— 


Interim kilowatthours 


Per cent differences between 
_ reading dates 


Input Input 
Elapsed billing test Loss From input From input 
time meter meters Output Output- billing test 
(days) (polyphase) (single-phase) meters A phase C phase plus-loss meter meters 
Installed—Connected to power load (Approximate power factor = 75%) 
TOR sete eene cee 10060). e385 i OPLIO Rats ERS eae ois 297 S162 ees 286 Garee et LOPLLG OS een se -0s 56 eee eee +0.07 
Ee thobaisi te = Meters tested 
QE ae Settiere «crags 8,330 8)360: acc 3: isdd One eemctets 294 TB Ne tclsaaper ZBOS TDs casts Me ak 8:854.48).0-na ae ° 4-029 Popcssensate —0.06 
BO crt pice etee aise phOO eG, telecehe el 2O's sor hers 6580 sccm = «tan 261.03. 2O4STG A Smears T0965 279.2 seen =O) 065 cn osc —0.34 
CUE Sra fee i580. eame 6,570 sete 5: O87 ade PIED ASY ti ie eS eet 289718. ieineo ate 6,568.84... ease = OSD ertcters —0.02 
CU ir Sienna cura his OOO Zehidarecirs O40 Srarmenie cle 6,440. aes 294 54 os acive cis A 288,50 sice2 ss 2023 (OO mente are ON 83. et —0.24 
PEotal POWER. ssi SOOTOR AA ane 39/200 nie dies S6°SLOs.-cemie 1/440 ON s one oi AOS (Osos ene S91 5895 2k ews O38 aa —0.10 
Meters tested 
Connected to lighting load (A-phase only) C-phase loss meter removed for tests in laboratory (see Table III) 
Ey IES Pag ETE OR RE Te GyiSO le asaee ee COLTS ascinen CL ALT B03; re ccireps atteenie oreiraloiescan eens GZOS SO! arcs ae afase eee —0.32 
Pe eae Service oil switch opened for construction work 
LB cspatnciavets, Service oil switch closed—no load 
PAN AE, 6 OO ERS OO EERIE ES IS ea Qe er reece Ou Sec ees eie A782972) comp eieki Admvacemattns oa INU AAe cn sno nb face ate +100.0* 
DM cee b ts oss Secondary load switch closed 
PA Phe Shee CRTC RRO OSI 90207 3 sine BSD. zee es DOT SES iad lions ahceascs elaeeiecael D4 A NE ee cara. ops ¥ay, acces en RIS +0.25 
2108 Adie Et ey yer Se AE Ee 1O;600). jerisitecae VO S71 Zorincsccotetys 239}, AGinn crust hates oct ete vitae LO.OLINAGS tcic. Siew nae ee meee +0.11 
MD igs MEIN CH ea TRE Shae Gla, eee BL950 omar WT O85 rcieeciomars QOL SUG) <del carer pe ea eels T1889) 7G Saets ai.crstotan chorea s rete —0.50 
RO Ae asicteal Mees erst otihe lie tai wid soon O O10 Pe ecitrees D684 seinanies 23294 Oils Sate ion lactate sidtn ee eee abate 9/866. AG rss: sive cis pslist steve cueyers Paani —0.44 
BOR ely lees aie ois cater His etait iD LU icruavert eee B84 oan sha QL BG ios svaconr vations tow oetnaiohata ate 8,566). 56% scarey sie cei areee —0.04 
(Us ca ie ECR TOURED CORTON ERE T RS: S EL ASO eae 1O,882)...5 eistekre DAD OSS ch retorts tet oh oenicaltare 5p is Cy GR een earn e iee ee —0.20 
DO Spe Ber toy etisto. sit piuge teers tel mele orhae TO400) Sacer LOO sjeietscovete PELs 8 ear SEI Se Ob Octane LO 39S LBSis ie aiertie.n oes More 2.5. ole: ctaaes —0.02 
Md erp Rear oi euersi here ais Sie del ether 3, 460 ceeteerien Oy OLOvneaecel? Tk Oi 4 RS Waie lore ween oneetters SAAB LO ae poten aoe. —0.40 
protal /Asphase eRe 5.4 iis,c/ astcioc a solvate 813840 ii atiackiae F9;841 ord avicrene Di OSA AL Korie Micke velp attend seater ets SL:SSGOcU sari cee atsisteatciasces okecies +0.06 
Combined light and power............... 127,040 30nd: cS os es 3,484.31........ TAOS S75icc6 rece ciew PZT OLE OG eirereid weeny se aes sree +0.003 


* Input test meter did not register since core loss is less than the starting load of the meter (1,104 watts = 0.48 per cent of meter rating). 


(+) signs indicate that output-plus-loss is greater than input registration. 
(—) signs indicate’that output-plus-loss is less than input registration. 
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TABLE III—COMPARISON OF MEASURED INPUT, OUTPUT, AND LOSS KILOWATTHOURS FOR TESTS ON 2 


UNDER VARIOUS LOAD CONDITIONS 
(230/2,300-2,300/230-volt connection, single-phase load) 
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7.5-KVA TRANSFORMERS 


Per cent 
difference 
between Possible 
input accuracy 
Per cent Per cent Per cent Per cent Measured kwhr and of 
load on load on power load Duration Measured Measured output- Measured output- reading 
power input factor factor of test output loss plus-loss input plus-loss registers 
transf. meter (input) (output) (hours) kwhr kwhr kwhr kwhr kwhr (%) 
Oa haus a ah 1 ls p eur SOMO peMieeee ane tesa cay siahake, sio<ho.nssicit Ley Ge gen ays OY tee ten ZlLLOS8in. sad 20.0387 = 2OMOTEi. bos, FOV8L Woleey +0.7 
Qire eiscertne a Wel 0 eet ba en 8.33 oe 24 14.527 3.20 
Sn ea uate. OH ED Pode { pa ae Sar B2Toe ee so6s sitee 7 wba. 17/6265 5-0 SOLEMN ame +0.6 
Peter reine ce 4 Le BB) Bt cael st wes oe eee 59.587...... 5.005...... 64.592...... 64.635...... =0.068...... +0.15 
(ina Sea iene ee fet aac 110,132 8.8725 ee 127404 sae NOT IBT le —0.056...... +0.065 
LOOM Pei. 2c 6GS0R ems 99 aera. ats ares LOO poeta ie ercke. 3 nyeieie Tie a ee 119.071. CoD cma 125 -806),.e 0: WIE fe mee A —0)052). <2..4% +0.066 
7A ae ae V7cSe teas 98: Ozcce stay LOOM ete cists oe cateuiet 16 eee. 5357 0M Pasi Grice aa 55.838 ee 65.95 Me aok is =)!" tae, fen +0.183 
LG Omer: Ll Arete 2B Bieta eran LOO pa tet ee a eaclsys Te oe lee 18.454...... 3.968%...c008 De ADOT er ers SEG hie. oe ec =to()). 2d) eetaeeliege +0.49 
43S xcnteavs « PDA Storie “AWA Oana ais MOQ sacristy seeseyevetorenehe UG etal 503015: see 32042. 63)/343..:.... SSr AGO ana =0.2) Se oe +0.19 
2c 8 ATSB: SO Oar oeiee, LOOMS Crreticrs tes. si3 72 LOMe esate oe O23 neers 4,138): CA psi soe oe TORSO re Ace x SOL 24 Soden +0.13 
LSB ne ee SOIL See Ee 99 Osea et LOOK Meche stecs3 Py tere Sere 98052 5)... 4 162 eee 102) SU4ee ee 102) 7. Bee. a cin: --0..062). 075. . +0.10 
LoS UEY (Groner SAS cicero SOnO), ceteris. ats LOOSE Se Sa oh see AL hoe oe MOOG oh oon DI 998ses vee 58.098...... G8 725) Se gee =—0'.26. 2 ascs +0.18 
SiO vectee es (aye fisiclic Brat 2B Oe aregeeters LOOK toi scious BY fee tas pat TODL29Ee cares 28510) eerer I2A639bn eee TOE TS. 5 (ocho Oh Lite ones +0.90 
OBC no See Beas 245 Snes OO PR Sele oet ere 64) yeiesan SoC 408s ereicies GRO23 5 aa cele Cy OLS eee BD 205 = sect =f O30) sere oretaie +0.30 
Os I a ee P 5 Op myers ce AG Ss mcrweraa HOO bs ai’, crosscsvenBatvegeces Qe aA Aten ASE bO2n aoe SclOR re AGE S022 cae 46.808 s5 . +0.004...... +0.22 
OU DIE GN rte eee ee eels pce! Ssh d Guo 4 sl frentpe 6 ea ee 750.064: Je- 5 80 2246 See SSOn24 Olean 830/425. 25 =). JOSMaets or +0 .006 
(+) indicates that output-plus-loss is greater than input registration. 


(—) indicates that output-plus-loss is less than input registration. 


TABLE IV—LOAD CHARACTERISTICS OF 30 TYPICAL CUSTOMERS’ LOADS SHOWING ACCURACY OF A WATTHOUR DEMAND REGISTER 
FOR MEASURING THE LOSS INCREMENT OF THE MAXIMUM KILOWATT DEMAND 


Customer 
No. Business class 
Date ur SHED a dtm Fran crereie coves ate wiawretel site eee 
tei Na tes Pressed steel specialties*................ 
Sajgonye Chemicalimanufacturer*®24 <2. j.016 56-55 
ae Mire mas tifactUrer ere oe oats ie sc.oee tees 3 
Dina ae WOOL: Drodticts* =... os chic ea intins hie 
Grp eee Steel. construction *, i...6s o552.c/ef0% wre were 0)» 
Wispaerace exerle vasa mcr cic crvis Heres a aialcs cers eis ee > 
Sacto. Sand and! cravel® tis vous du tse os be 
De crates Gear Worksigeichis sie eiuetacca tte nisiasiase cot 
10.2025. Paper manufacturer? .. 6555 ccs syns ois 
bb es Werick manwlacturer*. cee ce cee le sees 
13 ere: Steel foundryais ...tich acetic ee ew eteares 
RGiicsacists OTLEY a fates stone cars aus as go Sas eonusl suskereMare areveush sos 
14 so 5%- Pime Quatry sos cron eh 4 oe Sicus ss Nees eet heya 
as Wenes hoe Steel tubing manufacturer*............. 
Bie, Goer Posters 0s) sso, apd yous oy wleteraieiorgs sets reuse satus 
iY ope oe Pe itllitte MaCeria |)... n recta) «a Talode ec Soe 
ISseha Mee Plantes rar tats ole ale cide che eiote: certs 
19S car. Bextile: sail tS aia nesses cpa aha + aeake sonnei aa sis 
QO see cass Samdlandigtavell... daarsysie seis saver wohePeje rd axe 
QU eles ays Condit manufacturer, «2.6.52 ces « 
2 il Mosier yrmirlleee ce Pessvencig ei sec earl epollone ts 
2B mask Car repair SHOP S.:5:36 ats, b iste, on005,5lolshcee teers 
Dace 8 Asreratt platiteerarastec sramieis = Uraiove etelel's) wvel 
284 fie es 1 DESI Rorprint © ROC CIDE MOLI O AICO OOO 
2Oiies oe WLECNCONSUEUCHION Siete yoo icie ei seielsielersuscoie tele 
PF Oe se ae Office DOH GING ds 6 ciscieccess cs oe ss cteueisialn eis 
2 es. oriah Latina ry tre cere oe nea eres vey nianakaae cates rene 
2O)e crsctey Signal service trang stave viet siacte eek ower 
BO Sears Waste mantiiacturer.. <2. 4.) css cele e 


Measured Per cent Per cent Per cent 
Measured kva at power factor Measured error in error in 
maximum time of at time of maximum indicated indicated 
kw maximum kw maximum kw kva loss load-plus-loss 
demand demand demand . demand demand** demand 
1,875.0 2180: Op deus aisicrauer’ 85.9... BL SO: 10 Bei neato ok O} hugh aac cesta he 0 
L720) O's c vaste 23450 0 2 ana ters MQ oD eee aie reee 2 450% Oaks secre is tance tee rede 0 
150020: aaa ee OSBORNE eater, cre tre S79 st asome oe ne E7250) dere co levee ict Ocal aeeererae an +0.048 
1,368.0 1/547 2Olwts sissies SSS re tencte eos 13547205. foe ee Oh Fv tis trcyh enced 0 
PS OO0 OR enct tere = LAA Olja we cass oh elites W424 20) ii6 occceferosers ON Bieiiaicte tien 0 
15200). Ose stettenpexe V434 0 eserves SS iOh seteicavetes Ae W434 1 O\eeve ts: a tee Ol eae Seas 0 
UL VSO) On se tegetetena: LA90.O%8 Reeee ere MUS DE iy tealeete xe P5SORO: Aekiacte ces tS 90).% Helos +0.126 
1040. 00358 o25. 0503 T5145 Oy ecs, csicks ats DO Sree oer 15145). O88 Sy reas ON ecuseusaise 0 
S00C Oe saree BOGOF a asa ceee SOO er eekesiares 895).9)e seeniens 1 ieee po AS TE 0 
eR Umea cao (3G). Olhebcnrceteares OT a2 es, oeebare weve 1 BO. Olas Surana OOP Neto 0 
D2 [OP rersiticnenoietere SO2 UG ae om ae OOD cette t Ghee 55256). 422.0 Mater Ol ons akecebonelayees 0 
515 Ose cet BOGLOS ake sve ene ate QUO) ejecs nite, avers 566.30 eis seo Os a vekivnc ter 0 
508. Ok ie. 25-5 male ac 592). Lights sashes SHOR ten as okie B92 2 eee Or sxierecdets tens 0 
SEOLOSs wees sere 390). OF santero 92.3.. SIOLOce eer acenie 0. ORR: Senna hs 10) 
LOS SO) pasertaaers LS 2 Disks ausiens, 5 phe 89.5.. 1 Ne PAB eee, WeDo G Os Cokiese Seine 0 
60's Olney. scyee ta eval TSG cares 6 OSiLieie cate soe VSQU25 eta +-0).53)5 ok arcs +0.015 
TAT 23in dN eset 226). Qeseira aan a 65.2.. 226 Olas hatyscohses Oly eee 0 
VSO 24 ani ee NS PEt Die sans ates Ob Outer cratic ts A ey rene a hee c OT Sse eo asieterns +0.020 
L120) ceed LOOM Pee sis s ras CO es wants TG7 <0 i croeadete APS: OO): eae acelin se +0.144 
LO9 sO. orice wens ESS Qictsyase jain 80. Berea PSG. lee eee Oe OTe aeons +0,030 
960 ohae emer DIOR SRian doers S628 ccccce tea LILO; Seis teen LO MERO tts 2 es 0 
(ADA eg oBocicta bis f OD StS date ancehe toh Fay eee oor ODS. re mea scat O° facia cen 0 
G4. Sista sears 685 Tose 94 Oe Sinan ae La} AY (ech Ree OeRG OQ) ecco 0 
GSU Gas ide cece B9' 6: cecarstenelews CAA ee ere Sis omc SOG saceeece os O.° | paper 0 
59532. stcterork onsen yee eene ne craic ON Oe niente 5 tiep Ss Se ete s ON Weetanaeiyees 0 
BGs Bicreisnarsteve che ars G4 4S omen 89.4... G44 Mia rentores OU esas 0 
64 Bie canseecen 10 sO Ais ster arovs 1 eee by Ol eect oe 0.4 Ghee 0 
YY EM MT Rc BB )48 ot cnet stars CD Gin cocecustons 58.8. versie ee O04. ae eee 0 
43) .Disie citys els Da sia seer aauetti BQO eras een fats Jess stipe caren atc St EN Sis, ois, rotate te +0.083 
So. 2 eeroaee RY fe Te can te oes 5 83.38 Pate ee Bleek evecto ice AD)! maecar eke Beate 0 


* These customers have power-factor corrective equipment. ’ 
** Loss demand in kw is considered to be 2.5 per cent of measured maximum kva demand. At the time of maximum kva demand, losses are taken to consist 


of 25 per cent core loss and 75 per cent copper loss. 


(+) indicates that the loss maximum demand plus load maximum demand is greater than the load maximum demand plus the coincident loss demand. 
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For discussion of this paper see page 829. 


Discussion 
TESTING OF HIGH SPEED DISTANCE RELAYS 
(GrorGE—see page 802) 


R. C. Buell: Actual tests of relays under system operating 
conditions provide the most reliable assurance of the proper 
functioning of this protective equipment. However, the fact 
that the relays have previously operated, or subsequently operate 
correctly once during a staged test, does not prove conclusively 
to a skeptical operating force that their operation was correct 
during a particular system disturbance. Careful analysis of all 
relay operation during system disturbances may disclose any 
erratic operation of such devices. However, in making any such 
analysis the relay engineer has been greatly hampered in the 
past by the lack of accurate data showing current and voltage 
magnitudes, and sequence of breaker operation. The only ac- 
curate method available for obtaining information actually to 
check relay operation during system disturbances is by the use 
of an automatic oscillograph, which always is ready to record the 
actual quantities that cause the operation of the relays. 

The writer believes staged tests are expensive. Can Mr. 
George give us some idea of the cost of staging a relay test on a 
110-ky circuit? It is the writer’s belief that the elimination of the 
necessity of just one such stage test would justify the use of an 
automatic oscillograph that would be available to check con- 
stantly the proper operation of relay equipment. An example is 
cited in the following: 

Only 3 of the 4 oil circuit breakers of a double-cireuit, 110-kv 
line involved in a double circuit fault opened, the fourth failed to 
open, but after three seconds the fault cleared. Did the relays 
on the fourth breaker function incorrectly? The automatic 
oscillograph record showed that due to high fault resistance, the 
current was too low to operate the single line back up protection 
provided for this circuit. With this positive information provided 
by the oscillograph the relay engineer immediately turned his 
attention to the design of a more effective method of protecting 
this line, rather than to test in an endeavor to find out what 
happened. 

H. R. Huntley: In the third item of the suggested program 
for staged tests, Mr. George mentions cooperation with the com- 
munication organizations in cases where ground faults are to be 
placed on power transmission lines in connection with relay 
testing. Cooperation between the power and communication 
people is, of course, particularly helpful in situations where there 
may be inductive coordination problems, since in such cases, 
data of value from the standpoint of coordination may often be 
obtained at much less expense than would otherwise be involved. 
Also, as Mr. George points out, data obtainable by the communi- 
cation people may, in some eases, be of value from the stand- 
point of power system operation. 

M. S. Schneider: Mr. E. E. George states that no satisfactory 
method has been developed for placing a temporary fault on a 
hot transmission line. 

A very satisfactory method for placing artificial faults on 
energized transmission lines has been used by the Union Gas and 
Electric Company. It consists of three pieces of pipe supported 
on pillar insulators, with a bar arranged on a pivot so that when 
released by a solenoid and trigger arrangement it will fall across 
these pipes by gravity. The cross bar is insulated from the con- 
trol cireuit by an insulating link. The solenoid can be operated 
by portable batteries, or most any source of supply. The device 
is easily dissembled for transportation and can be set up and 
adjusted in a short time. It has been used very successfully at 
voltages up to 132 kv and could be extended to higher voltages 
without difficulty. 

In low-voltage testing of any relays, and in particular distance 
relays, special emphasis should be placed on the wave form of 
current and voltage as this may have considerable effect on their 
calibrations. It is not sufficient that the impressed voltage be 
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sinusoidal as the iron present in relay circuits usually will distort 
the current wave considerably unless precautions are taken. This 
distorted current may have considerable effect not only on the 
relay but also on the indicating instruments. 

Mr. E. E. George has not emphasized the importance of 
minimum wipe of contacts on bouncing of relay elements. Many 
otherwise mysterious incorrect relay operations can be found to 
have been due to this effect. If this type of operation is found, 
adjustments can easily be made to correct it. 

In distance relays the coordination in timing between the 
various elements of the relay is very important for correct per- 
formance. The writer agrees with the author that the most 
satisfactory way to determine this is by staged primary testing, 
as this takes all factors into account, and no assumption need be 
made. We have found for our system that the best’time to make 
these tests is during heavy load conditions, as the system dis- 
turbance is less than at light load periods. The system set up 
can be changed, or as is usually done, current limiting devices 
can be used to obtain the required current. 

The writer can testify to the value of the automatic oscillo- 
graph in analyzing the performance of relays since we had one 
of these devices installed on our system for a considerable length 
of time. One instance in which a supposedly incorrect operation 
was found to be correct after analyzing the record of the auto- 
matic oscillograph is given in the following paragraph. 

During a severe lightning storm all four 66-ky circuits con- 
necting the Columbia generating station of the Union Gas. and 
Electric Company with the Hartwell-Terminal substation re- 
layed, but only 3 of them operated at both ends. At first this 
appeared to be an incorrect operation but a careful analysis of 
the oscillograph record showed that faults had oecurred on only 
the 3 lines which had opened at both ends. The fourth one was 
opened at the generating station by the excessive load current. 
Another interesting and valuable conclusion drawn from this 
record was that, although these faults had appeared to be simul- 
taneous, they occurred several seconds apart. Also, the first two 
faults were on circuits on separate double circuit lines. It may 
be that other seemingly simultaneous faults were separate faults. 

Nevertheless, even though the automatic oscillograph is a 
valuable aid to the relay engineer, it can not take the place of 
staged tests, which will give information on relay performance 
under a large number of different conditions in a short space of 
time. 

H. W. Smith: In any distance relay application it is desirable 
to know by how much the ratio of the current transformers 
breaks down under conditions of maximum short circuit at cer- 
tain locations. 

As staged tests usually are made with less than maximum 
short-circuit. currents in order to avoid excessive system distur- 
bance, they do not usually develop conditions which give the 
maximum ratio change in current transformers; when this is the 
case it is necessary still to determine the maximum ratio change 
by other means and to allow for it. 

It should be borne in mind that, in general, current trans- 
former ratio change under short-circuit conditions is much more 
pronounced on 25-cycle than on 60-cycle systems. 


In the application of distance relays of impedance type to 
underground cable systems where conductor resistance is equal 
to or predominates over reactance, the quantity to be mea- 
sured by the relays may change to the order of 10 per cent on 
account of resistance variations due to temperature. ' This is a 
factor that is not taken care of automatically by a staged test 
and which must be allowed for. 


A. R. van C. Warrington: Mr. George has made several 
valuable criticisms and suggestions concerning the improvement 
of testing instructions provided by manufacturers of distance 
relays. The only suggestion that is difficult to follow concerns 
staged testing. Detailed instructions are not given by the manu- 
facturer because the few customers who employ this excellent 
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method have widely differing ways of carrying it out, and be- 
cause of the great variation in individual system connections. 
The subject is beyond the scope of a relay instruction book, but 
it has been very ably covered by this paper, which represents the 
first practical treatise on it. 

Under the heading of ‘‘Equipment Used in Testing,” a phase 
shifter is listed as well as a reactor. While a phase shifter and 
phase angle meter are useful for taking low voltage character- 
istics of the directional units of impedance and reactance relays 
in the laboratory (to detect current bias) yet in routine testing 
of these relays, a tapped 10-ohm resistor is sufficient to check 
the main characteristics of either type of relay. In the instruc- 
tions on the reactance relay, the current through the relay is 
limited by a variable resistance and a tapped resistance in series. 
To simulate the sudden change from load to fault conditions, the 
resistor is short-circuited and the current is now limited by the 
reactor representing a dead fault. Similarly, by cutting out only 
part of the resistance, an arcing fault can be simulated. 

Although laboratory checks are necessary, we wish to empha- 
size the value of initial system tests, which are the surest method 
of setting distance relays since they check the overall character- 
istics of the line, current transformers, potential transformers, 
and relays. 

E. E. George: The value of automatic oscillographic equip- 
ment on the power system has been well presented by Mr. R. C. 
Buell but it is preferred to regard such equipment as a desirable 
supplement and not as a substitute for staged tests. 

Mr. M.S. Schneider’s device for placing a temporary fault on a 
hot transmission line should be of great value. Most of the 
devices known by the writer have not been thoroughly satis- 
factory or reasonably cheap and convenient. Mr. Schneider's 
comments about adjusting relay contacts are of great importance 
and his statement is endorsed without qualification. Consider- 
able difficulty has been caused in the past by too much contact 
wipe. Solid silver contacts are supposed to eliminate this 
difficulty. 

The cost of staged tests is small, perhaps because most of the 
men involved normally are on a monthly salary. Transportation 
of men involves some direct cost and occasionally linemen are 
required to assist in preparing for and carrying out the tests. 
In general the direct cost of staged tests is insignificant. The 
total direct and indirect costs of a 2-day program of 15 or 20 
staged tests would seldom be over $300. The real value of a 
staged test is in the number of questions it answers and the num- 
ber of problems it solves,—compared to any other means of 
obtaining these answers or solutions, whether they are obtained 
by tedious “paper and pencil” methods, flippant “cut and try” 

methods, or pathetie ‘‘wait and hope’”’ methods. 


RELAYING OF HIGH VOLTAGE INTERCONNECTION 
TRANSMISSION LINES 


(SLEEPER—see page 808) 


H. D. Braley: The writer discusses particularly the part 
that system stability has taken in the protective field. As 
pointed out by Mr. Sleeper it is now recognized that in relay- 
ing of large capacity high voltage lines stability is a major con- 
sideration in their protection. In fact it is the chief factor which 
has led to the development of high speed breakers and relays. 

It may be gathered from statements made in the paper that 
the relaying features have not been entirely solved. Distance 
relays in combination with carrier current are suggested as 
means of securing instantaneous tripping for the entire length of 
circuit. It appears doubtful however, that distance relays ever 
will offer a complete solution even when used in combination with 
carrier current control. It is clear that any distance relay which 
is located at or near the reactance center of the system may be 
subject to low or actually zero voltage during severe surging or 
out-of-step conditions. As system connections are changed due 
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to lines being out of service or changes in connected generating 
capacity the reactance center, or electrical neutral, also will shift. 

Under some conditions therefore the lines may be tripped out 
at one point and for other conditions at another point. The dis- 
advantages of these are, of course, apparent. A suggested amend- 
ment therefore is offered to the 4th item of the ‘‘Requirements of 
the Ideal Relay Scheme” to the effect that in case the systems 
lose synchronism the relays should operate to effect the separation 
at a preferred point only. 

The schemes using transferred tripping or carrier control all 
use standard types of relays that are controlled in their tripping 
operation by the current and voltage conditions prevailing at the 
line terminals. If they are subject to incorrect operation during 
abnormal line conditions when not so controlled it may be cor- 
rectly inferred that they are not entirely free from faulty opera- 
tion when controlled by pilot wires. In this respect they differ 
from the true pilot wire scheme wherein the two currents at the 
terminal points are directly compared. It may also be pertinent 
to recall that with carrier control, the signal which governs the 
tripping is initiated at any instant by the relays at only one end 
of the line. 
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It has already been indicated that distance relays may give 
improper operations. This also is true of wattmeter type direc- 
tional elements used with both distance and overcurrent relays. 
That such conditions can prevail is rather clearly indicated by 
Figs. 1 and 2 which show the results of calculations made on an 
actual system of the type under discussion. 

Fig. 1 shows the angular position of line current with respect 
to line-to-neutral voltage, plotted against time as it would appear 
to the directional relays. The small vector diagram at the left 
shows the operating range of a directional relay. One line in 
section AB of the transmission line is assumed to have tripped 
out as a result of a three-phase fault. The dotted curve shows 
the angular relations when the power flow previous to the fault 
was just within the stable power limit and the full line the con- 
ditions when the power flow was just above the stable limit. 

It will be observed that the relays at the two ends of the line 
are in the tripping range for 0.62 seconds which would be more 
than sufficient time for high speed relays to trip out the remaining 
circuit. Further calculations show that if the power transmitted 
just prior to the fault had been 20 per cent greater the time 
interval for tripping the relays would be reduced approximately 
75 per cent. This time interval also will become smaller and 
smaller on succeeding swings. It may be noted that the re- 
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actance center of this system is near station B for this particular 
operating set up. 

Fig. 2 shows the conditions that exist on the next section of the 
line. In this section the time interval for tripping the relays is 
but 0.04 seconds. The chances of the relays tripping on this 
section are therefore reduced almost to the vanishing point. The 
operating angle of the relays on section BC has been purposely 
shifted to reduce the probability of tripping under out-of-step 
conditions in order to eliminate dropping load at substation B. 

One of the selling points for distance relays has been that they 
would eliminate the necessity for extensive calculations to de- 
termine the proper setting of relays. This has not proved to be 
in accord with the facts. Not only is it necessary to make ex- 
tensive fault calculations but in addition studies of transient 
power swings in the ease of long high voltage circuits also are 
essential if the requirements of complete protection are to be 
fully understood and satisfied. 

It may be that extensive work of this nature will not always 
be required. If the ideal relay scheme is devised certainly it 
should no longer be necessary. 
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L. N. Crichton: This subject is covered in such great detail 
from all points of view of technical requirements that the con- 
clusions must be considered authoritative. Many relay engineers 
might disagree with some of the details, but such small disagree- 
ments cannot change the conclusions. The particular advantage 
of the scheme which Mr. Sleeper suggests in his closing paragraph 
is that it is always workable, even if the carrier should fail. 
Incidentally, the equipment for this type of installation is ob- 
tainable. 

But what of the economies of this scheme? The distance relays 
will clear the majority of line troubles instantaneously from both 
ends of the section. In the minority of cases, where the trouble 
is near one end, that end will be cleared very fast. The reactance 
of the line will, on many systems, materially reduce the shock to 
the system while the sequential clearing is taking place. A further 
point is that if the system is not always operating under full con- 
ditions instability will result due to sequential operation. But 
even if a perfect relay system is provided, there are sure to be 
some failures of service. There is the occasional catastrophe, and 
there is the more frequent trouble in some lightning districts 
where more than one section of line is grounded either by the 
same lightning stroke or by several strokes separated by a short 
interval of time. If this occurs in such a way that all the ties 
are interrupted, the systems will be separated. It, therefore, 
appears possible that on many systems the expenditure for the 


Transactions A.I.E.E. 


carrier current to provide the additional last fraction of protec- 
tion may not give sufficient return to justify itself. If this last 
refinement in protection could secure absolutely continuous 
service, it might be justified; whereas if it reduces the total yearly 
failures from, say, 2 interruptions to, say, 1 of the unavoidable 
ones just mentioned, it might not be considered justifiable. Such 
an economic study based on the actual interruption records of 
several typical systems is something that is urgently needed. 

E. Ettlinger: The paper emphasizes the improvements in 
relaying that can be secured through the use of pilot wire 
methods, either using direct current or power line carrier chan- 
nels, in situations where, due to the complexity of the network 
requirements for speed, ete., such methods can economically be 
justified. 

In the last sentence of conclusion No. 2, the author indicates 
that future possibilities of pilot wire relaying seem to be limited, 
based upon economic considerations. It is my observation that 
channels for pilot wire service may be leased in some parts of 
the country from the Bell System at rates that are substantially 
lower than those for voice communication. On the basis of such 
rates there seems to be a greater chance for economic justifica- 
tion than appears in the paper. 

It has been my privilege recently to review the performance 
record of a pilot wire relaying system operated by the Oklahoma 
Gas and Electric Company in one of its divisions where, due to 
the importance of certain types of load, rapid relaying was 
required, which previously had not been obtainable, because of 
the nature of the transmission network. A pilot wire relaying 
scheme employing leased Bell System lines for a distance of 
approximately 20 miles was installed initially in 1930, and later 
extended to involve some 150 to 200 miles of transmission sys- 
tem. After the initial difficulties that are common to a new ap- 
plication had been eliminated in the first few months of opera- 
tion, very satisfactory results were obtained and the operators 
are highly satisfied with the service rendered. An indicating 
type of instrument was used continuously to indicate the con- 
dition of the leased wire circuit and experience indicated that 
although some discontinuities have occurred, they have not 
interfered with power line relaying. 

It is the writer’s opinion that with the rates that may be found 
available for leased wire service in various parts of the Bell Sys- 
tem, in connection with pilot wire relaying, that specific study of 
situations is warranted to determine the economies of pilot wire 
relaying versus carrier current pilot relaying where other methods 
of relaying are not adequate. 

S. L. Goldsborough: The idea of compelling a distance relay 
to continue to indicate according to its original interpretation is 
entirely feasible and can be carried to considerable advantage in 
some eases. The feature cannot be secured by any type of seal- 
in-device but rather must be accomplished by giving the distance 
elements a low resetting value. In all cases where the opening of 
the breaker restores full voltage to all relays responding to cur- 
rent through that particular breaker, the reset value can be made 
extremely low thus accommodating large values of are resistance. 
However, in the case of parallel lines or similar conditions, a low 
reset cannot be tolerated because it is necessary that the distance 
elements reset on an ohm value only about 20 to 30 per cent 
greater than the value involved during the original interpreta- 
tion. This idea can therefore only be applied to considerable 
advantage on applications where the breaker opening immedi- 
ately produces normal voltage on the distance element. 

It does not appear quite logical to use the fictitious average 
time of distance schemes for comparison purposes. From the 
standpoint of stability in the numerous cases where it is saved 
by the high speed clearing of one end of the line, it appears to 
be more correct to say the distance relay scheme is a high speed 
scheme for all faults. 

E. M. Hunter and E. H. Bancker: This paper is a very 
fitting sequel to Mr. Neher’s Use of Communication Facilities in 
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Transmission Line Relaying! in summarizing the recent de- 
velopments and present state of the protective art. It is note- 
worthy that attention is turning once more to one of the oldest 
and most nearly ideal forms of relaying, namely, pilot protection. 
As the author states, it has suffered from two disadvantages, the 
necessity for providing some other form of backup protection, 
and the cost and maintenance of the pilot conductors. That the 
first is not a great deterrent is evidenced by the almost universal 
use of the analagous differential protection for generators and 
transformers of any size. It has therefore been because of cost 
that pilot protection is in such limited use. 

The renewed interest in the pilot forms of relaying may be 
directly ascribed to the rising cost of other types of protection 
not depending upon time as the basis of selectivity. In other 
words the pilot scheme has been considered the ideal but to 
avoid its cost, recourse was had to less expensive and less effective 
forms of relaying. As the need and desire for better protection 
arose the cost of the substitutes began to approach that of the 
best, so that now the disparity is often slight when the costs of 
the entire installation are compared. 

The writers agree thoroughly with the author’s last sentences 
under the subjects ‘‘Pilot Wire Relaying’’ and ‘‘Carrier Current 
Pilot Relaying.’ It is our opinion that when all of the factors 
are taken into consideration some form of pilot relaying can 
economically be justified on practically every important inter- 
connection between large systems. This especially is true of 
systems operating near the stability limit, since pilot relaying is 
more easily rendered insensitive or immune to oscillations than 
any type of distance relay. 

The characteristics exhibited by a severely oscillating or 
unstable system deviate only a trifle from those obtaining during 
short circuits and differ from each other by a very small amount. 
The protective relays are required to operate for faults, must not 
operate for swings, and may or may not be required to operate 
during instability depending upon individual preference of users. 
Since distance relays are surveying instruments that utilize the 
electrical dimensions of the system at their location, they are 
presented with a very difficult problem of discrimination in 
attempting to distinguish between faults, swings, and instability. 
In an impedance relay the discrimination between normal and 
abnormal conditions usually is performed by the impedance 
devices. In a reactance relay it must be performed by a starting 
fault detecting unit and not by the reactance elements. This is 
so because except during faults, reactance elements always will 
measure the distance to that point of the system where unity 
power factor exists, and as this must invariably be in the instan- 
taneous zone of some relay, it would clear at once if allowed to do 
so. The comparison of the relative susceptibility of impedance 
‘and reactance relays to system swings, must therefore be made 
between the impedance elements and the starting element of the 
reactance relay and not directly between the distance measuring 
elements. This is too involved a story for treatment in this dis- 
cussion, and it is the writers’ intention to present it more fully 
in the near future. 

While the writers are in agreement with the author with respect 
to the economic superiority of the newer forms of pilot relaying, 
the limitations of these newer forms must not be overlooked if 
satisfactory results are to be obtained. In the earlier types of 
pilot protection a direct comparison was made between the mag- 
nitude, phase angle, or both, of samples of current from each 
end of each conductor of a circuit. Any dissimilarity was evi- 
dence of an internal fault and indicated immediate action by the 
relays to disconnect the line. In the newer types all of the con- 
ductors comprising a circuit are treated as a unit, the conditions 
at each end are translated into relay contact position, and the 
result telegraphed to the other end via a pilot or carrier circuit. 
If, as is customary, a single telegraph channel is used, only one 
indication can be transmitted with regard to the conditions at 
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each end. When the relays are acted upon by two opposing 
factors, such as fault and swing currents or two simultaneous 
faults in different lines, the more potent will prevail and the 
result may be a delay in tripping. Furthermore a pilot system 
based upon the use of circuit rather than conductor conditions 
is not inherently insensitive to the currents arising from swings 
and instability. It is however, possible by proper design to pre- 
vent such a system from unnecessarily tripping lines during 
instability or to arrange it so that only the line spanning the 
electrical center will clear, whichever is desired. When a split 
at a predetermined point is required the pilot system may be 
arranged to be inoperative for unstable conditions and a separate 
out-of-step relay used to separate the unstable sections at the, 
desired geographical point. 

The writers do not agree with the author that the suggested 
scheme of using distance relays with transferred tripping via 
carrier, incorporates the good features of several systems and 
omits the undesirable features of all. It would be no more secure 
against incorrect tripping during swings than the distance relays. 
The trip impulse would not reach the remote end whenever the 
conductors used as a carrier channel are short-circuited. There- 
fore for the most severe faults, the three-phase ones, the schemes 
would not provide fast tripping. It is recognized that some im- 
provement in reliability would be obtained if the trip impulse 
were sent over another circuit such as another line or an actual 
pilot wire but any carrier pilot system that uses the line itself 
as a channel should only do so when it is not at fault. In other 
words, earrier should be used only as a blocking medium for 
external faults and the clearing of internal faults which may in- 
volve the carrier channel should be independent of carrier 
operation. 

The use of the automatic oscillograph for recording system 
disturbances cannot be too highly recommended. A record of the 
magnitude and phase relations of the currents and voltages at a 
relay station during a disturbance shows the number of phases 
and whether or not ground was involved in the fault and elimi- 
nates all guesswork ‘as to the cause of the relay operation. It is 
not always possible to stage short-circuit tests to check relay 
settings and the need for such tests is reduced if a record is ob- 
tained: of system disturbances as they occur. 

E. E. George: The requirements of the ideal relay scheme 
have been presented by Mr. Sleeper very adequately and it 
seems doubtful if many engineers would suggest any important 
modifications in such requirements at the present time. When it 
comes to the relative advantages and disadvantages of the vari- 
ous schemes, opinion is likely to be shaded by operating experi- 
ence and various engineers will have their preferences based on 
experience and local conditions. While we agree almost entirely 
with everything in Mr. Sleeper’s paper there are a few points 
that suggest discussion. 

Distance Relays. For instance, we feel that no serious delay is 
introduced in a reactance type relay by the operation of the fault 
detector element or starting unit. This unit replaces the di- 
rectional unit of the impedance relay and is fast, even in the origi- 
nal type of distance relay. The time of operation is only a few 
cycles at ordinary operating currents and naturally still less on 
heavy short circuits. Newer designs have rendered this time 
negligible. While it is true that the reactance measuring or ohm 
unit will tend to operate during out-of-step conditions and other 
extreme surges, the starting unit has practically the reverse 
characteristic (made possible by shifting the phase angle of pick 
up), so that coordinated action of the two elements is necessary 
for tripping. This inherently requires that the pick-up and drop- 
out values of the starting unit should be very close together, as 
has been brought out in the discussion by Messrs. E. M. Hunter 
and BE. H. Bancker. Most of the improvement in distance relay 
design and application since the original development has been 
due to improvements in the arf of coordinating the starting and 
reactance measuring of the relay. In the writer’s opinion it is 
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possible to give almost ideal protection either to long or short 
lines with reactance type distance relays. In general, operation 
on out-of-step conditions can be controlled to a satisfactory de- 
gree and these relays are now operating satisfactorily on many 
extensive interconnections which formerly presented very diffi- 
cult relay problems. 


Some readers may question the statement that distance relays 
are relatively inexpensive. While the relays themselves are 
costly compared to overload relays, they require very little in 
the way of major equipment changes, instrument transformer 
changes, or auxiliary circuits. Therefore the overall installation 
and maintenance costs of distance relay schemes are relatively 
low, especially in view of the freedom from limitations on line 
design and operating procedure common to previous types of 
protection. 


Pilot Wire Relays. It is encouraging to see the inherent ad- 
vantages of pilot wire protection brought out so clearly in Mr. 
Sleeper’s paper. 

One new factor in favor of pilot wire relaying has just ap- 
peared. It appears that one of the large communication com- 
panies is now willing to make a distinction in its rate schedule 
between leased control circuits and leased communication circuits 
by offering a much lower rate for the former class of service. 
This seems logical since the control circuits do not have any 
traffic expense and are not chargeable with the advantage of 
tying in with a world-wide communication network. The 
enormous undeveloped field for pilot wire protection will tend 
to make the use of pilot wire protection more or less inversely 
dependent upon the unit cost. Capital cost can be changed to 
an operating cost by the use of leased circuits. If the rates for 
leased pilot wire service are lowered sufficiently and if the pro- 
tective and maintenance practices now imposed by the communi- 
cation companies are modified to suit the power companies’ re- 
quirements as they may develop from time to time, it seems 
probable that no other scheme of protection known at the present 
time could hope to compete with pilot wire in the near future for 
transmission line protection. 

Perhaps, a combination of distance relays and leased pilot 
wire circuits may combine the advantages and eliminate the 
disadvantages of the two schemes, since certain distance relays 
provide an adequate initiating unit for the pilot wire and also 
give back-up protection in case of pilot wire failure. 

J. H. Neher: Mr. Sleeper is to be congratulated on his excel- 
lent presentation and summary of the advantages and disad- 
vantages of the various methods available for relaying inter- 
connection transmission lines. The writer comments on his sug- 
gested theoretical solution of the problem, which consists, in 
effect, of distance short-circuit and instantaneous overcurrent 
ground protection applied to each end of the line, supplemented 
by a “transferred tripping’? arrangement of the carrier current 
type in order to obtain instantaneous tripping over the entire 
line length. The objection is, of course, the high cost of the sup- 
plementary transferred tripping feature; and this cost is charge- 
able only to the speeding up of the tripping on 30 per cent of the 
line. 

Considering the transferred tripping feature separately as a 
supplement rather than as a component part of the scheme, this 
part of the problem involves merely the ability to transmit at 
all times a distinguishable signal instantly from one line end to 
the other in either direction. Simultaneous signal transmission 
in both directions is not required. Since it is probable that 
facilities for some form of telephonic communication already are 
provided between the stations terminating the line, I reiterate 
the statement made in my paper to which Mr. Sleeper has re- 
ferred, 7.c., that the logical means of transmitting this signal is 
over the communication system already installed.. Although 
certain difficulties suggest themselves, particularly when the 
communication lines are leased, and when they pass through 
switchboards, nevertheless, these difficulties are not insurmount- 
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able, and I believe that when they can be overcome, this will 
result in a lower cost for the transferred tripping feature than if 
a carrier current communication channel were installed solely 
for the purpose. 

Where the selectivity of the relay protective scheme is not 
dependent upon the reliabitity of the signal transmission, some 
sacrifices in the reliability of the communication channel may be 
made in order to justify economically the addition of the trans- 
ferred tripping feature. The possibility of incorrect tripping due 
to false signals may be minimized by making the receivers re- 
ceptive only when their associated distance relays are endeavoring 
to operate in one of their several zones. 


O. C. Traver: Mr. Sleeper’s paper details definitely the 
absolute need of prompt action in the clearing of faults. This 
coincides with the manufacturers’ ideas, but it is probably more 
convincing to operating men, coming as it does from one of them. 
It is only to be expected that there will be a difference in opinion 
concerning the relative effectiveness of the various means for 
accomplishing this result, which is a minor consideration once we 
are conscious of the value of speed. 


Mr. Sleeper points toward a speed goal which, though seem- 
ingly distant, is considered by us as designers to be not only 
attainable but surpassable. Probably none of the methods 
described in this paper has reached its limit of speed. Distinct 
improvements have been made while the paper was being 


printed. More are in sight. In fact, if one were to plot a curve. 


showing the average delay in selective relay timing against each 
of the past ten years, the result would be startling. 


There is, clearly, some misunderstanding concerning the pur- 
ported limitation of reactance relays to short line applications, as 
stated in the paper. In general, the longer the line, the easier it 
is to protect with distance relays, whether of the impedance or 
the reactance type. The fact that some maximum length of line 
for the average case may have been assumed, is no barrier to 
caring for a longer line, if encountered. This capability of operat- 
ing on both short and long lines is peculiar to a first power action 
such as inherently exists in a reactance relay. It is an out- 
standing advantage of the reactance relay as compared to the 
second power performance of impedance relays. 


Though distance relays have not, as yet, been much used for 
ground faults, it is chiefly a question of economics. Methods of 
overcoming this handicap will be announced at a subsequent 
meeting. 

While it is inherently true that any distance relay tends toward 
unnecessary operation under system oscillating conditions, we 
cannot agree that the impedance type is superior from this stand- 
point. In the case of the reactance relay with which the writer is 
concerned, the starting unit requires, at unity power factor, 
nearly four times its reactive setting to function. This is the 
chief control during surges. The suggested use of the original 
measurement to determine the time for operation of an impedance 
relay would be more hopeful if we did not need to consider the 
conditions directly following the clearing of the fault. System 
oscillations, for example, may have progressed sufficiently to 
continue an action and cause faulty tripping. 


The only criticism offered in the paper to carrier-current pilot 
protection is one of speed and this frankly not as an objection to 
its use, but simply because it does not come up to the high 
theoretical standard. On the other hand, it comes nearer to 
that goal submitted by Mr. Sleeper than any other practical 
method for the average trunk line. We may well add that for 
tapped lines, the carrier method stands in a class by itself. 

The operating time for the carrier pilot has not reached bot- 
tom. It probably will not be long before it will meet this standard 
also. It is not good engineering policy to attempt to reach the 
ultimate at once. 


For parallel line protection I consider the balanced current © 


relay preferable to balanced power wherever the former is ap- 
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plicable (and it usually is) because of the faster action and the 
freedom from potential connections. 

The suggested scheme at the close of the paper is one of con- 
siderable promise though not quite new, having been described 
in the Gross U. S. Patent No. 1,849,830. Until means have been 
devised to insure passing carrier through a fault, the blocking 
method will be preferable. 


It appears, therefore, that all of Mr. Sleeper’s difficult require- 
ments will, in time, be met excepting possibly the one of cost. 
In general, cost will follow the general rule of varying with value 
and this will be inversely as the reduction in time. This tendency 
toward increase will, on the other hand, be tempered as usual 
by the effects of quantities and experience. 


W. E. Winterhalter: Mr. Sleeper has given a comprehensive 
outline of problems which, as interconnection loading increases, 
impose new demands on equipment for system protection. 

The near future will find substantial progress toward realiza- 
tion of some of the characteristics specified for ideal protection 
of interconnections. More inherent selection, a close approach 
to simultaneous isolation of both terminals of sections, less 
susceptibility to indiscriminate operation during oscillation be- 
tween systems, and adaptation to clearance of phase and ground 
faults, are outstanding features of the most recently developed 
carrier current pilot wire protection. Impedance and reactance 
relays as applied to protection of interconnections do not, at 
present, show any promise of meeting these requirements to the 
same degree, but substantial improvements in the direction of 
decreased operating time without incurring unreliable operation 
on moderate swinging between systems, can be expected to in- 
crease their usefulness. 

Observation of one type each of impedance and reactance dis- 
tance relays on several unstable interconnections has shown that 
both are subject to indiscriminate operation in about the same 
degree during violent swinging between systems. Such opera- 
tions invariably occurred at sectionalizing points closest to the 
electrical center of the interconnection. 

The reactance relay in question is somewhat different from 
either type described by Mr. Sleeper; its assembly consisting of 
a starting element, a reactance ohmmeter and a d-e operated 
timer. Installations requiring overall distance measurements up 
to 14 ohms secondary reactance, from relay to distant fault loca- 
tions, have been in service for several years without experiencing 
tripping under normal peak loads having 18 to 16 ohms secondary 
impedance and the usual range of load power factors. This is 
made possible by features incorporated in the starting element, 
the two principal ones being its adjustment to have maximum 
torque at large angles of lag (between 45 and 75 degrees), and a 

‘ potential circuit which limits current variation in the ‘“‘volt- 
ampere operating element’’ voltage coil to a ratio of 10 to 1, for 
a variation of primary voltage between 100 per cent and 1 per 
cent. 

Neglect to specify or adjust (when more than one adjustment 
is provided) directional elements having an angle of maximum 

torque corresponding closely to the average power factor angle of 
short circuit currents is, with all directional relays, a major source 
of disappointing results such as incorrect directional indication, 
slow, and insensitive operation. 

The most desirable field for impedance and reactance relays 
appears to be in protection of interconnections that are reason- 
ably rigid and wherein reactance relays, not having objectionable 
features outlined by Mr. Sleeper, are more generally applicable 
since the variable resistance component of impedance is elimi- 
nated in their ohmmeter distance measurements. Experience 

_up to the present time would indicate that pilot wire protection 

should be given preference where investigation shows that sys- 
tems or sections of systems are subject to violent oscillation and 
eannot maintain synchronism if heavy faults are not cleared 
within 0.2 to 0.3 seconds. 

A fair comparison of costs for relay and auxiliary equipments, 
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exclusive of breakers and potential and current transformers or 
devices, would be 12 to 15 per cent for the directional overcurrent 
type, 25 to 40 per cent for the impedance or reactance types, and 
100 per cent for carrier current pilot wire equipment. Each type 
mentioned has a definite application on present day systems and 
in considering their qualifications to protect service and equip- 
ment, each is least expensive in its legitimate field. 

The problem of maintaining system stability during distur- 
bances has been given the conspicuous place it deserves as a 
primary factor dictating speed requirements of relays and 
breakers. In its solution, an additional demand, distinctly 
separated from required functions of earlier relays and breakers 
is incurred. From an economy standpoint it would seem that 
due credit should be given a protective system that will con- 
tribute substantially to this end when comparing it with one of 
limited value in this respect. 


Considerable caution must be exercised in the use of bushing 
current transformers, bushing potential devices, and low voltage 
potential transformers. The low ratio bushing type current 
transformer has a very limited burden capacity and also a low 
impedance secondary, comparable to, or less than, that of low 
current rated induction overcurrent ground relays. The bushing 
potential devices have not in every case proved satisfactory for 
energizing impedance and reactance relays. The use of low 
voltage potential transformers may introduce complications in 
selecting suitable adjustments of impedance or reactance relays 
where interconnections are long, and terminal transformer im- 
pedance or reactance may be that of several banks. 

H. P. Sleeper: Several have disagreed with my conclusion 
that the future for pilot wire relay protection in this country is 
apt to be limited. It appears to me that this is solely a question 
of economics. If this scheme proves to be the cheapest to permit 
the simultaneous tripping of terminal circuit breakers it will be 
certain to be used. If as Mr. Neher suggests the same circuits 
can be used for telephone communication it would certainly seem 
that present costs can be improved where separate circuits are 
now required for the two functions. Also the attitude of the com- 
munication companies is interesting where special rates are 
offered for leased circuits used for relay work only. I still feel 
that the best scheme inherently and theoretically is some system 
which is self-contained in the high tension transmission system 
and at the moment this brings us logically to some system of 
carrier current transmission. 

If, as some of the manufacturers have commented, it is im- 
possible at present to transmit a carrier impulse over a faulted 
high tension circuit it would seem to point out clearly the op- 
portunity for research work. The present scheme of using the 
blocking system, rather than the direct tripping system, of 
carrier current relaying appears to me to be fundamentally wrong. 
It immediately imposes a necessary interval of time selection 
while the blocking relays are operating, and greatly increases 
the probability of incorrect relay operations due to the fact that 
all circuits passing fault current must have a correct relay opera- 
tion in order that only the defective section will trip. The direct 
tripping scheme avoids this and in addition should enable faster 
operation to be secured. The engineering solution of this prob- 
lem does not seem to be insurmountable since its equivalent has 
already been accomplished in high frequency wire telegraphy 
where the ground return system enables impulses to be trans- 
mitted over a broken wire. 


COMPENSATING METERING THEORY AND PRACTICE. 
(ScHLEICHER—see page 816) 


A. Boyajian: The scheme outlined by Mr. Schleicher is very 
attractive but unfortunately its field of application appears some- 


what limited: 
1. It is applicable only to the total load of a transformer and 


not to individual customers or feeders. 


830 


2. Three and four winding transformers complicate it to such 
an extent as to greatly reduce or eliminate the economy of the 
scheme. 

3. Tap changing, especially if automatic, makes the loss 
measurements of doubtful approximation. 


4. Twenty per cent difference between the hot and cold im- 
pedance losses and the wide variation of core loss exponent with 
voltage in different transformers may become an appreciable 
item in some eases, for instance, when power flows in both direc- 
tions as in an interconnection. 


5. It requires the consent of the customer or public utility 
commission. 


6. The equipment cannot be certified to by a testing bureau 
except by field tests at a great expense. 


7. As each case has to be an individual tailor made job, most 
of the economy may vanish if all the engineering expenses in- 
volved are fully charged against it. 

8. Any litigation on the accuracy of billing could not be de- 
fended with any scheme other than high voltage metering. 


It may be significant to note that other low voltage metering 
schemes of even greater economy and accuracy than the one 
outlined by Mr. Schleicher have found very limited use: for 
instance, the scheme with a single watthour meter and a series 
line drop compensator for impedance loss and shunt compensa- 
tion for core loss, capable of approximating the variation of the 
losses with temperature and voltage very closely. The reason 
again must be that each job has to be tailor made, cannot be 
calibrated and certified to by itself, and engineering and verifica- 
tion expenses are very high. 

Certainly, schemes of this character may be used by mutual 
agreement, but, from the standpoint of engineering accuracy, 
none can compare with the modern high voltage instrument 
transformers. 

Stanley Green: This paper is of interest because it has 
possibilities for making a measurement that fundamentally the 
watthour meter with its instrument transformers is not able to 
accomplish adequately even if installed on the primary side of a 
transformer installation. 

Watthour meters always have been an accurate class of instru- 
ment and within the last few years have been made to be de- 
pendable on unity power factor within one-half of 1 per cent 
between load values of from 5 per cent of nominal rating to 300 
per cent of nominal rating. This accuracy is expressed in terms 
of actual energy measured rather than in per cent of nominal 
rating and marks the watthour meter as an accurate instrument 
over a singularly wide range of loads. But even this really is of 
no avail in measuring the core losses of transformer banks. The 
accuracy of the best modern watthour meters below 5 per cent of 
full load current and at extremely low power factors is an un- 
explored region and results obtained in this region will change, 
not only because of unavoidable variations in friction, but be- 
cause of inherent design characteristics that vary in different 
types of meters. It is doubtful whether commercially it is de- 
sirable to attempt any further improvement of meters below the 
5 per cent load point on extremely low power factors. 

In the case of core losses of transformers, it is just this range 
of operation to which the watthour meter and its current trans- 
formers are subjected. These fixed losses are of an entirely 
different order of magnitude than the main load current as far 
as their existence at any given instant is concerned, yet because 
they go on constantly it is not unusual to see their integrated 
importance assume the same order of magnitude as that of the 
load energy. This creates a difficult measuring situation and one 
which it is expecting entirely too much of the watthour meter to 
cover. Mr. Schleicher has pointed out this in connection with the 
watthour meter accuracy curves he has given in Fig. 7. The 
situation may be summarized by saying that when primary 
metering is installed, a large element of uncertainty is introduced 
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under a condition where the load energy is small and the trans- 
former bank is large. 

Although the author of the paper has intimated that his method 
may be used for billing metering, its application for statistical 
metering also, should not be overlooked. In the case of far-flung 
power systems with large numbers of substation transformers, 
it may be beneficial to have loss metering, in order better to allo- 
cate energy distribution of the power system. An inherent ad- 
vantage of the method from a statistical standpoint is that it 
segregates the actual transformer losses from the useful energy 
passing through the transformer and in this way calls attention 
to undesirable conditions, if they exist. 

Paul MacGahan: The problem of metering power as supplied 
at high voltage involves the question of avoiding the expense of 
high voltage current and potential transformers, as well as that 
of the errors of transformation. The latter generally is conceded 
to be relatively unimportant in modern instrument transformers, 
and, therefore, Mr. Schleicher’s paper probably is of interest 
more particularly from the cost standpoint. 

The paper leaves the impression that the method described is 
entirely new, and mention is made of a patent application cover- 
ing the ‘‘compensating meter.’’ As a matter of record, it should 
be pointed out that this method of metering high tension power 
isnot new. Meter engineers have been familiar with the scheme 
of separately metering the power transformer losses and adding 
the result to the low-tension metering readings to obtain the high 
voltage power delivered. An article by L. J. Lunas in the Elec- 
tric Journal, April, 1929, p. 180, describes this method quite 
fully, as well as other methods. Furthermore, the Siemens- 
Schuckert Company of Germany has cireulars describing the 
method and listing the necessary transformer loss meters for sale. 

The question, therefore, follows as to why there has been no 
previous demand in America for the application of this system. 
In the writer’s opinion, this may be due to the application diffi- 
culties involved, particularly in determining the proper calibra- 
tion to suit each separate installation, and in proving out the 
correctness of the result in a way that would be satisfactory to 
the consumer and to the Public Service Commissions. ; 

W. H. Pratt: The novelty of the method proposed in this 
paper is not in the idea of adding loss measurements to secondary 
output, or of basing these loss measurements on values of current 
squared and voltage squared, but rather in combining in a single 
meter the measurement of the two types of losses. Descriptions 
of measurements of primary power based on the use of three 
meters, a watthour meter, a current-squared hour meter and a 
volt-squared hour meter are of numerous years’ standing. 

A drawback of the method is that a calibration of the power 
transformers is involved and the application of the method seems 
limited to those eases where the whole output of a transformer 
bank is used by the customer. There are other limitations also. 
It is questioned, if when account is taken of all the preparatory 
calibration and adjustment, whether most of the economies 
expected do not disappear. 

In the recent past, there has been so much reluctance to use 
the somewhat special meter structures that are required when 
two-stage meters are employed, that it is somewhat surprising 
to find this equally complicated metering method advocated. 


The final tabulation of the appendix bears out a contention 
that has been maintained for a good many years by the writer, 
that the power factor of loads at the time of maximum demand 
will be found within a rather narrow range. This has a bearing 
on the choice of simple forms of kilovoltampere meters when 
used for determining the kilovoltampere of maximum demand. 


G. B. Schleicher: The compensating meter has been de- 
veloped primarily to meet a very definite need in the field of 
high voltage metering equipment. By far the great majority 
of high voltage metering installations are installed on custo- 
mer’s premises, and in this field the compensating meter already 
has demonstrated its advantages in providing for the simplifica- 
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tion of the high tension receiving equipment, for improved 
accuracy, and for increased reliability both in operation and in 
registration. 


Experience has demonstrated that the accuracy is equal or 
better than for metering on the high voltage side, and that the 
required calculations and the calibration of compensating meters 
ean be performed by metermen (not engineers) in accordance with 
an established routine. 

In regard to Mr. Boyajian’s points: 

1. When a transformer supplies more than one customer, there 
is no commercial need for high voltage metering, and hence 
neither high voltage metering nor compensating metering is used 
commercially for this purpose. 


2, 3. Multiwinding and automatic tap-changing transformers 
are always of large size, and are rarely if ever used on customer’s 
premises. Compensating metering can frequently be applied, 
but either for high voltage or for compensating metering each 
ease of this type should receive individual consideration to de- 
termine the most economical method. 


4, Table I and Fig. 6 show the effect of both temperature varia- 
tion and voltage regulation to be well within the accuracy that 
can be maintained by a watthour meter on the high-voltage side. 
Their effect, therefore, is of negligible importance in the combined 
measurement of load-plus-loss. 


5, 6, 8. Publie utility regulatory bodies undoubtedly will wel- 
come the improved accuracy and greater reliability of compen- 
sating metering, and the verification of an installation seems 
relatively simple. The major part of the load is measured by an 
ordinary watthour meter; the compensating meter may be tested 
with equal facility, and the transformer losses are easily verified 
from the manufacturer. And even a considerable error in losses 
could hardly affect the overall accuracy to the extent of bringing 
it outside of commercial limits. (See ‘‘Practical Application,” 
in the paper.) 

Customers also welcome compensating metering. In one case 
a customer who has no load at night now opens his primary oil 
switch and saves core losses. In another instance, a customer 
has disconnected one transformer in an under-loaded delta bank 
and thus operates more efficiently. Both are the direct result of 
installing compensating metering which has served as an index 
to inefficient operation. 

7. There is nothing “‘tailor-made”’ about a routine compen- 
sating meter installation. The manufacturer of the transformer 
supplies the loss data, and the calculation and initial calibration 
of the compensating meter takes a meterman (not an engineer) 
about the same time as a comparable watthour meter. 

_ The line-drop compensator scheme, which Mr. Boyajian con- 
siders superior, has several important disadvantages. These are 
immediately apparent to metermen: 

1. The burdens imposed on instrument transformer secon- 
daries are high, which adversely affects the accuracy of registra- 
tion, not only of the loss but of the entire load. 

2. The compensating device operates on the load meter, which 
reduces its reliability and the certainty of its correct operation. 
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3. The testing of the line-drop compensator is outside of the 
scope of metermen, and when compensation for temperature is 
added, such a test becomes an engineering problem. 

It is for these reasons undoubtedly that the line-drop com- 
pensator method has not found favor in metering practice. 

Mr. Green indicates the desirability of extending the use of 
compensating metering also to statistical purposes. Undoubtedly 
there is a large field for the meter in this direction, because even 
in efficient transformer arrangements for conditions of maxi- 
mum load, the loss over a period of time frequently represents a 
surprisingly large percentage. 

Mr. MacGahan questions the originality of the method of 
metering as here proposed, and I concur to the extent that the 
addition of calculated E” and I? components to the low-tension 
load is probably as old as transformers themselves, but the com- 
bined measurement of the losses in kilowatt-hours in a single 
meter is new. 

Mr. Lunas’ article (bibliograpby 11 in the paper) describes two 
methods of metering; one is a combination of methods (1) and 
(8) listed in the introduction of the paper, and the other uses 
separate E” and I” hour meters together with a watthour meter 
on the low-tension side. Incidentally, Fig. 4 of Mr. Lunas’ 
article gives an indication of the magnitude of the burdens that 
the line-drop compensator method may impose on current trans- 
formers. Such burdens are too high for accurate metering con- 
nected to standard current transformers. 

The bulletin of Siemens-Schuckert* and the second method 
described by Mr. Lunas are identical, and possess the commercial 
disadvantage of introducing ampere-square-hours, volt-square- 
hours, and odd multipliers, which undoubtedly would prove 
rather mystifying to non-technical customers. The compensat- 
ing meter, while utilizing the same principles, combines the loss 
measurement into a single reading in “‘kilowatt-hours,’’ with 
which customers are already familiar. 

The bulletin of Siemens-Sechuckert also answers Mr. Boyajian’s 
question with reference to the exponent of the core loss, by stat- 
ing in direct translation: “‘In adding to the readings of the watt- 
hour meter on the low-tension side the loss kilowatt-hour ob- 
tained from the EZ? and J? meters, one obtains the same number 
of kilowatt-hours as by measurement on the high-tension side.” 
This is true within the practical limits of accuracy at which 
meters may be maintained. ‘ 

Mr. Pratt recognizes the novelty of the compensating meter, 
but speaks of the calibration of the power transformers. It should 
be noted that the power transformers are not calibrated as instru- 
ment transformers are calibrated, because compensating meter- 
ing uses only the loss data which the transformer manufacturers 
already have available. 

Experience has definitely indicated the practicability and sim- 
plicity of the method. Its use provides not only for economies, 
but also for the simplification of the high tension structure, 
greater reliability of operation, improved accuracy, and the free- 
dom from fault disturbances which contributes to continuity of 
service. 


*Zahler zur Bestimmung der Leerlauf- und Kupferverluste der Leistungs- 
transformatoren,’’ Siemens-Schuckert (Germany) Bulletin No. 1615/5. 


Interrupting Capacity Tests on Circuit Breakers 


BY R. M. SPURCK* 


Associate, A.I.E.E. 


rating and check the performance of an oil circuit 

breaker. For many of these tests, such as insula- 
tion and heating, the apparatus required is commonly 
available, while the technique of making the tests is 
well known and the analysis of the results presents no 
unusual problem. Equipment for making interrupting 
capacity tests on a large scale has not been generally 
available. Even though much has been published on 
these tests, there still seems to be some uncertainty of 
the correctness of certain testing schemes and possibly 
some question of the ability of even large laboratories 
to make tests that definitely establish the ratings of 
breakers of the larger interrupting capacities now being 
manufactured. So much interest has recently developed 
on this phase of oil circuit breaker testing, that it seems 
desirable to give a general discussion of the many vari- 
ables in equipment, procedure, and interpretation of 
results. 

This paper is presented in connection with the in- 
vestigation of the entire subject of factory and field 
testing of circuit breakers now being carried out under 
the auspices of the Switching and Switchgear Com- 
mittee of the Association of Edison Illuminating Com- 
panies. It is thus a part of what it is hoped will 
eventually be a complete literature on the subject and 
is preliminary to the report which will be brought out 
by that committee at a later date and which will treat 
more exhaustively many of the same subjects covered 
in this paper. 


Uy \ESTS of many kinds are necessary to establish the 


EQUIPMENT 
Although numerous interrupting tests have been 
made in the field, the number of such tests is small com- 
pared with those made in laboratories. The equipment 
of an adequate laboratory,'! in addition to especially 
designed generators, reactors, and transformers, must 
include such other apparatus as follows: 


MAJOR AUXILIARY MEASURING AND INDICATING 
EQUIPMENT 


Apparatus Use 


Magnetic oscillograph...... Records currents, tripping impulse, voltage, 
contact speed and travel, and pressure 

Cathode ray oscillograph. ... Records recovery voltage characteristics 

Travel recorder........:..: Provides record of contact travel, contact part- 
ing, and speed for recording on magnetic oscil- 
logram 

Pressure recorder........... Provides record of pressure at: various places in 
breaker, such as above oil and below oil, for 
recording on oscillogram 

Ballistic wattmeter......... Records are energy during interruption 


*General Electric Co., Philadelphia, Pa. 

{General Electric Co., Schenectady, N. Y. 

1. For detailed description of apparatus and its arrangement, 
see ‘High Power Interrupting Testing Station,” by G. F. Davis, 
Gen. Elec. Rev., February, 1932. 

Presented at the summer convention of the A.I.E.E., Chicago, 
Illinois, June 26-30, 1933. 
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PROCEDURE 


Interrupting capacity ratings of circuit breakers are 
given in terms of the voltage of the system on which the 
circuit breaker may be applied and the current or 
kilovoltamperes which the breaker may be called upon 
to interrupt, the current being measured at the time of 
contact separation. There are, however, many addi- 
tional points which must be considered if assurance is 
to be had from a series of tests that a breaker is capable 
of performing its rated duty under any conditions that 
may exist in practise. The considerations which are 
involved, the extent to which these considerations 
influence the significance of laboratory tests, and the 
steps taken by testing engineers to assure reliable tests 
are discussed under separate headings below. 


CO versus OCO TESTS 


The present standard interrupting duty cycle? speci 
fies that the interrupting rating of an oil circuit breaker 
be based on two OCO operations (close on a short circuit. 
and trip). In laboratory tests, particularly on breakers 
whose fundamental design has been reasonably well 
established, the OCO tests are used. 

It has been found, however, that the CO cycle (trip 
from the closed position) is very useful in the develop- 
ment of new designs of interrupting schemes. The 
reason for this is that the CO operation eliminates many 
variables and produces simpler records from which 
pressure, speed, are duration, and other data pertinent 
to an understanding of the breaker performance are 
readily determined. Also, it is desirable in many cases 
to take advantage of the higher short-circuit currents 
made available by pre-tripping, that is, setting the trip. 
mechanism in motion before the short circuit is thrown 
on. The CO cycle lends itself more readily to this 
practise than does the OCO cycle. After satisfactory 
performance is indicated from the CO tests, OCO tests 
are made. 

The difference in duty resulting from OCO tests com- 
pared with CO tests is that in establishing the short 
circuit during OCO tests, arcing occurs which produces 
some pressure and contact burning. On poorly designed 
breakers, particularly those of flimsy construction or 
with inadequate or improperly designed mechanisms 
and opening springs, the OCO test may result in unusual 
stress on the breaker compared with the CO test. On 
the other hand, by a proper design of such parts as con- 
tacts and mechanisms, the arcing on closing during OCO 
tests can be so reduced that the OCO test is but little 
more severe than the CO test. In a few respects, the 
OCO eyele is less severe than the CO cycle, particularly 
when the tripping is so rapid that the breaker does not 
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close completely. Burning on the primary contacts 
may be eliminated in these cases, for instance, and 
excessive opening speed may be avoided. 


PRE-TRIPPING 


Pre-tripping means that the inherent delay in the 
tripping and parting of the breaker contacts after the 
short circuit is applied is eliminated by giving a trip 
impulse before the short circuit is applied. The princi- 
pal advantage of this procedure is that the interruption 
can be started while the generator short-circuit current 
is near its maximum. Thus greater use is made of the 
output of the generator. Many schemes are used for 
pre-tripping. Most of them are satisfactory, there 
being no one that is outstanding in its advantages. 

The use of pre-tripping is considered entirely legiti- 
mate in breaker testing. It has been questioned pri- 
marily on two counts, namely that interruption may 
occur while the short-circuit current is very much offset 
and therefore is easier to accomplish and also that 
higher than actual current interrupted may be indi- 
cated. From the discussion of these items in another 
section of the paper, it may be seen that their relation 
to the interrupting duty is well understood and can 
readily be interpreted. 

Although pre-tripping on OCO tests is possible, it is 
not generally recommended because it may require the 
breaker to operate in a way not required in service and 
not contemplated in the design and so give very mis- 
leading results. 


EFFECT OF FREQUENCY 


On the older types of plain-break breakers where the 
are duration was long, the results of interrupting tests 
at 60 cycles and 25 cycles were generally about the same. 
On the more modern types of breakers, however, par- 
ticularly those of the oil-blast type which on low volt- 
ages have normal are durations of not more than a 
cycle, frequency may have a very decided effect on the 
breaker performance, the duty being more severe at 25 
cycles. The reason for this is that normally the arc 

‘will be extinguished at the first current zero. On 60 
¢ycles the first current zero will appear sooner than at 25 
cycles so the arc length on 60 cycles, and likewise the 
duty, is less. Breakers have sufficient factor of safety, 
however, sec that even though tested at 60 cycles, they 
will meet their full rating when used on 25 cycles. 


POWER FACTOR 


It has been frequently stated that as the phase angle 
between current and voltage increases, the difficulty of 
interruption of the circuit increases approximately in 
proportion. The reason for this statement is quite 


obvious, for in the usual case final interruption takes 


place at a normal current zero. If the current and 
voltage are in phase, this time will coincide with that of 


the zero of the voltage wave, whereas if the current and. 


voltage are 90 deg out of phase, the time of current zero 
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will correspond to the peak of the voltage wave. Thus 
in interrupting a purely reactive short circuit, the 
breaker must establish, in a fraction of a millisecond, 
dielectric strength between its contacts equal approxi- 
mately to the normal peak voltage to be established 
across them. This reasoning is confirmed by more or 
less isolated tests within the experience of most testing 
engineers. 

Tests have been made by various investigators to 
determine the effect of power factor on are duration.?:45 
Fig. 1 is taken from data obtained by Mr. F. Kesselring. 
It will be noted that the curves in this figure give an are 
duration roughly approximating the second quadrant 
of an ellipse as predicted by the theory. This result is 
representative of those found by others. 

These tests and theory indicate that there is a wide 
difference in the interruption between a purely reactive 
and a purely resistive short circuit. They indicate 
further, however, that in the region of a purely reactive 
short circuit, a considerable variation in phase angle 
may be allowed without greatly affecting the severity 
of the tests. Thus, while it is felt that the power factor 


Fig. 1-REuaAtTion- 0.04 


SHIP BETWEEN 
Power Factor 
AND Arc LENGTH 


1. Plain break 

2. With large explo- 
sion chamber 

3. With small explo- 
sion chamber 

4. With six 
breaks 

Tests made at 1,000 

kva, voltage not re) 

stated 1.0 

From Kesselring® 


0.02 


series 0-01 


cos 


conditions in factory testing plants are at least as severe 
as those to be encountered anywhere in the field, it is 
not felt that any slight discrepancy in this respect 
should be regarded as seriously influencing test results. 
In this connection, however, it should be borne in mind 
that there is a very appreciable effect upon recovery 
rate, depending on whether a short circuit limited 
partly by resistance and partly by reactance has the 
resistance and reactance in series or in parallel, the 
parallel case being very much easier. The above dis- 
cussion applies to the series case. 

In the case of leading currents, these conditions may 
not apply, and in the case of transmission line charging 
currents, the situation is quite different. Here at the 
time of the first current zero, the interruption is very 
easy. The reason for this is seen in Fig. 2. After inter- 
ruption at instant A, the voltage of the transmission 
line remains constant as shown by the broken line; the 


3. Wedmore, Whitney and Bruce, Jr., Inst. Elec. Eng. J1., 
1929, Vol. 67, p. 557. 
4. G. Stern and J. Biermans, H.T.Z., 1916, Vol. 37, p. 636. 
. 5. F > Kesselring, E.T.Z., 1927, Vol. 48, p. 1278. 
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voltage of the source from which the transmission line 
has been disconnected is shown by the full line, and the 
difference between the two represents voltage across the 
circuit breaker. It will readily be noticed that this 
voltage does not rise abruptly to any appreciable value 
as in the case of a reactive short circuit nor does it even 
begin to rise with an appreciable rate as would be ex- 
pected in the case of a resistive short circuit. The rate 
of rise initially is extremely small, and thus an initial 
interruption at least may be expected with a very small 
contact separation in almost any type of breaker. 


A B 


Fig. 2—INTER- 
RUPTION OF 
TRANSMISSION 
Lint CHARGING 


CURRENT 


NE VOLTAGE 


TRANS, LI 


GENERATOR VOLTAGE 


One-half cycle after this initial interruption, however, 
at instant B, twice normal peak voltage appears across 
the circuit breaker contacts. In view of the short gap 
at which the initial interruption took place, this may be 
sufficient to break down the gap. This may take place 
at a comparatively low voltage in the case of an air- 
break breaker but it does not usually take place with oil 
circuit breakers on systems operating at less than 110 
kv. When this breakdown does not occur, the circuit 
has been finally interrupted at a very short arc length. 
When a breakdown does occur, however, subsequent 
oscillations may take place which can build up voltage 
across the circuit breaker to very high values, five and 
one-half times normal peak voltage having been re- 
corded on a transmission line in the field, and the 
theoretical maximum possible being almost unlimited. 

Thus the interruption of line charging current may be 
the easiest duty the breaker has to perform on a low 
voltage system or may draw arc lengths approaching 
those obtained on short-circuit. conditions on a high- 
voltage system. It must be remembered in this con- 
nection that the line of demarcation between what are 
here termed low voltage systems and high voltage 
systems depends entirely upon the breaker and may be 
well above any voltage in commercial use for some types 
of breaker. The oil-blast circuit breaker has been tested 
in this respect on the lines of the American Gas & Elec- 
tric Company, a typical oscillogram being shown in 
Fig. 3. It may be noted that the arc lengths were very 
short and that voltages above twice normal were not 
encountered. 


RETARDATION 


In most cases the alternator furnishing the power for 
factory interrupting capacity tests is driven by a motor 
just large enough to supply the no-load losses of the 
alternator. The question has therefore arisen as to the 
extent of generator retardation due to the additional 
losses occurring in generator, busses and reactors, and 
circuit breaker at the time of a circuit breaker test. 
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Should this retardation be appreciable, the frequency 
and voltage would of course be reduced in the same 
ratio as the speed of the alternator. Measurements 
taken on the machine used by the company with which 
the authors are associated, however, indicate that this 
retardation is negligible. For instance, in an extreme 
case a three-phase short circuit might be left on for one- 
half second and then interrupted by a breaker dissi- 
pating a large amount of energy in the arc.. A test has 
been made in which the duration of the short circuit was 
28 cycles, but interruption was performed by a modern 
breaker dissipating a comparatively small amount of 
energy in the are. The frequency was found to drop 
from 58 cycles per second to 56.8 cycles per second dur- 
ing the test. The rotational energy of the generator 
being 305,000 kw-sece at 60 cycles, the loss in energy 
represented by this retardation is approximately 12,000 
kw-sec. Were a less effective breaker, dissipating more 
energy in the arc, used in such a test, the additional are 
energy might in an extreme case run as high as 6,000 
kw-sec for a three-phase breaker. This would increase 
the total energy dissipation to 18,000 kw-sec and reduce 
the generator frequency to 56.2 cycles, a total drop of 
1.8 cycles or 3 per cent in frequency. Even this extreme 
case, therefore, does not give rise to sufficient change in 
the test conditions to warrant any correction, and it 
should be borne in mind that in a great majority of 
cases, the duration of short circuit is approximately 
one-fifth of that used in this example and the arc energy 
dissipated in the breaker not more than one-tenth that 


Fig. 3—Oscittogram SHOWING THE INTERRUPTION OF LINE 
CHARGING CURRENT 


Curve A—Breaker travel 
Curve B—Voltage across breaker 
Curve C—Line current 


allowed here. Thus a drop of less than one-half of one 
per cent in frequency and voltage may be expected in 
most cases. 


DECREMENT CURVES 


The decrement of the short-circuit current affects the 
interrupting duty of the circuit breaker in two ways. 

1. The arc current is slightly decreased from the time 
of contact separation to the time of interruption. Thus 
contact burning and oil deterioration are very slightly 
less than would be obtained with the same initial cur- 
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rent in the arc and no decrement. Obviously, the decay 
of both a-c and d-c components enters into this effect. 

2. The recovery voltage is reduced, neglecting satura- 
tion, in the same ratio as the reduction in the a-c com- 
ponent of current from inception of short circuit to 
interruption. The effect of saturation is to decrease 
somewhat the amount of this reduction. 


On both of these scores, therefore, the present 
A.I.E.E. specifications give the breaker credit for 
slightly more severe duty than it has actually with- 
stood, for the reason that the current at the time of 
contact separation and the voltage before short circuit 
are used in the calculation of the severity of a test. 
Moreover, as the decrement of the a-c component in 
factory testing plants is usually steeper than is obtained 
in the field, these effects tend to make factory tests 
slightly less severe than field tests. With machines 
approximating standard design and breakers built to 
interrupt with a short are duration and a short total 
duration of short circuit, however, both these effects are 
small enough so that the additional labor required in 
order to make a precise correction does not seem 
warranted, the maximum reduction in recovery voltage 
which might normally be expected in the testing plant 
of the company with which the authors are associated 
being about 25 per cent as against a reduction of 10 per 
cent to 15 per cent to be expected on an operating sys- 
tem. In the matter of current, the discrepancy probably 
is even less, not exceeding 5 per cent. 

It is possible, however, to build machines which have 
a very rapid decrement of the a-c component, this com- 
ponent reaching a value of less than 50 per cent in 3 
cycles. In these cases, it is felt that test results, unless 
made with special care to avoid this decrement, are 
subject to considerable question. 


EFFECT OF GROUNDING THE SHORT CIRCUIT 


The effect of grounding on a single-phase short circuit 
is primarily a matter of voltage distribution within the 


- breaker. In the plain-break breaker, if one terminal is 


at ground potential, one break is likely to take the 
principal part of the recovery voltage, rendering the 


_other break or breaks more or less ineffective, whereas 


if the two terminals are at equal but opposite potentials 
with respect to ground, approximately one-half the 
voltage will be applied to each of two breaks. With 
breakers employing special interrupting schemes, this 
effect is less likely to exist, for the are lengths are in 
general shorter and this, in combination with the 
additional material used about the contacts, tends to 
increase the capacitance across the gap and thereby 
promote equal division of voltage. 

The grounding of the neutral of a three-phase short 
circuit has several effects: 

1. The magnitude of the recovery voltage to be es- 
tablished by the first pole to clear is reduced con- 
siderably. 
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2. One terminal of this pole, however, is at ground 
potential, whereas in the ungrounded case, one terminal 
is in general at plus 2/3 of the total voltage with respect 
to ground while the other is at minus !/;. This tends 
to favor the ungrounded condition, as explained in the 
first paragraph under this heading. 

3. In the ungrounded condition, the interruption of 
the first phase is the most difficult, whereas in the 
grounded condition the interruption of the last phase is 
likely to be so. Hence in the ungrounded condition - 
there are three poles working simultaneously on the 
hardest task while in the grounded condition, the 
hardest task is left for one pole to accomplish. Further- 
more, if there is any difference in the interrupting 
characteristics of the three poles, the one clearing last 
is likely to be the weakest. 

The grounding of a three-phase short circuit, there- 
fore, introduces tendencies in both directions, and the 
balance will be determined by the relative weight of the 
opposing factors in the particular case. In the case of 
the Philo tests,* the are lengths for the two cases were 
on the whole, approximately equal. 

The above discussion is predicated upon a system 
whose neutral is grounded. When the short circuit is 
ungrounded, it makes little difference whether or not 
the system neutral is grounded. A three-phase grounded 
short circuit on an ungrounded system, however, has the 
same properties as an ungrounded short circuit with the 
following minor exceptions, the first of which tends to 
increase and the second to decrease the severity of the 
test: 

1. One terminal of the first phase to clear is at 
ground potential and the other at full potential above 
ground. 

2. The recovery characteristic will have oscillations 
at two or more frequencies, at least one of which will be 
comparatively low, not more than two thirds of the 
total recovery voltage being associated with the high 
frequency oscillation. 

In the laboratory of the company with which the 
authors are associated, tests normally are made with 
the short circuit grounded, but the system ungrounded. 


RELATIVE SEVERITY OF SINGLE-PHASE AND THREE- 
PHASE TESTS 


In both the factory and the field, it is often found 
convenient to deduce the performance of the breaker on 
three-phase short circuits from its performance on 
single-phase tests. In such cases, tests on a single pole 
may be made at leg voltage (58 per cent of line voltage) 
at 1.5 times leg voltage, or at full line voltage, depending 
partly on the application of the breaker and partly on 
the judgment of the testing engineer. 

Tests at leg voltage are justified where the breaker is 
to be applied on a solidly grounded system and one so 
laid out that a three-phase ungrounded short circuit is 


6. R. M. Spurek and H. E. Strang, Circuit Breaker Field 
Tests, A.I.E.E. Trans., Vol. 50, p. 513. 


836 


impossible. Such arrangements are rare, however, and 
this type of test is very rarely sanctioned by the General 
Electric Company. 

The choice of 1.5 times leg voltage arises from the 
fact that, in a location where the irregularities intro- 
duced by synchronous machinery have been smoothed 
out either by the predominance of other types of 
apparatus (current limiting reactors, transmission lines, 
cables, etc.) or by the presence of amortisseur windings, 
this voltage is encountered by the first phase to clear 
of a three-phase ungrounded short circuit. There are, 
however, additional factors, varying somewhat in 
importance from one application to another, which tend 
to affect the performance of the breaker. Thus the 
presence of synchronous machinery tends to increase 
the voltage which may be expected in the three-phase 
ungrounded condition, although this tendency may 
practically be eliminated by an amortisseur winding, or, 
to a lesser extent, by the iron of a solid steel round rotor. 


PROBABILITY PER INCH OF ARC LENGTH 
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Fig. 4—CaLcuLaTED PROBABLE DISTRIBUTION OF ARC 
LENGTHS FOR THE First PHASE TO CLEAR OF A THREE-PHASE 
BREAKER (Curve B) CoMPARED WITH THE ASSUMED PROBABLE 
DistRIBUTION FOR HacuH PoLe OprratTING INDEPENDENTLY 
Unpbir Srneute-PHase Conpitions DupLicaTING THE THREE- 
Puase Cassi (Curve A) 


Hach square represents a probability of 1 per cent 


On the other hand, the fact that three poles are attempt- 
ing to clear the circuit at different times and that suc- 
cess on the part of any one renders the task much easier 
for the other two, tends to increase the probability of 
clearing the circuit on three-phase tests in the early 
part of the region in which the circuit is interrupted in 
single-phase tests. Suppose for example that for a 
number of single-phase tests on a given breaker, the arc 
length varies as shown by curve A, of Fig. 4. Here the 
average arc length is 10 in. and the frequencies of are 
lengths of 9 in. and 11 in. are both one-half that of a 
10-in. are length. On this basis the probability theory 
indicates that the first phase to clear of a three-phase 
short circuit in which all other conditions are equiva- 
lent to the single-phase case would be as given by curve 
B which has a most probable arc length of 9.4 in. and 
an average length of about 914 in. The mathematical 
development of curve B from curve A is shown in the 
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Appendix. An additional consideration of slight im- 
portance lies in the fact that the decrement factor is 
lower in the case of three-phase short circuits than in 
the case of single-phase short circuits, resulting in a 
slightly lower recovery voltage for this case for the same 
short-circuit duration. 

The use of full line voltage for single-phase tests has 
in general no theoretical basis but is sometimes used in 
both laboratory and field tests either because it is in- 
convenient to under-excite to the lower voltage or 
because more power is available at the higher voltage. 

In the General Electric Company, tests are usually 
made at 1.5 times leg voltage, or 87 per cent of line 
voltage, and assurance is obtained that a liberal factor 
of safety is available even at this voltage, particularly 
when the breakers are likely to be applied where 
abnormally high recovery voltages may occur, as in the 
interruption of three-phase short circuits where power 
largely is supplied by waterwheel generators without 
amortisseur windings and without appreciable external 
reactance. 

Stated in another way, in order to rate a three-phase 
breaker on the basis of tests on a single pole, the current 
interrupted by the breaker with a reasonable factor of 
safety is taken as the current which the breaker may be 
called upon to interrupt in three-phase application, and 
the test voltage is increased 15 per cent to give the line 
voltage of the system on which the breaker may be 
applied. The three-phase kilvoltamperes are thus »/3 
< 1.15 times, or twice the single-phase kilovoltamperes 


. obtained in test, with a proper margin of safety on both 


current and voltage. 


EFFECT OF DISPLACEMENT 


Displacement of the current wave, as is well known, 
has the effect of increasing the rms value of current. 
It also tends to render interruption easier by reducing 
somewhat the instantaneous value of recovery voltage. 
While the instantaneous value of recovery voltage may 
be reduced to zero in the case of a fully displaced wave, 
interruption is, as a rule, very difficult to accomplish 
before some decay has taken place in the d-ec component 
of short-circuit current, and a small amount of decay in 
this component brings the recovery voltage compara- 
tively close to that existing for a symmetrical current 
wave. For example, a wave with an 80 per cent d-c 
component has 60 per cent of normal recovery voltage 
and a wave with 60 per cent displacement has 80 per 
cent of normal recovery voltage. 


SHUNTS AND CURRENT TRANSFORMERS FOR CURRENT 
MEASUREMENT 


From the point of view of accuracy, either shunts or 
current transformers may be used for current measure- 
ment, provided that they are properly designed and 
due precautions are taken with the secondary circuit. 
In the case of shunts, a standard design large enough 
from the heating standpoint and capable of withstand- 
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ing the electromagnetic forces is satisfactory provided 
the drop lead is attached in the proper location and the 
spacing between conductors is sufficient so that no eddy 
currents are generated in one shunt by the flow of 
current in a neighboring conductor. 

In the case of current transformers, the heating, 
electromagnetic stresses, and spacing must again be con- 
sidered, and in addition consideration must be given to 
the section of iron to be sure that it is sufficient to 
record the d-c component without saturation. Satura- 
tion errors are much more serious in the case of a cur- 
rent transformer with secondary windings on one or 
two legs of a rectangular frame than in the case of a 
transformer with secondary windings uniformly dis- 
tributed about a circular frame. Thus a special check 
must always be made of the secondary burden and the 
design of current transformers to be used for the 
measurement of short-circuit currents and in many 
cases especially designed current transformers may be 
required. 


EFFECT OF AMORTISSEUR WINDING 


An amortisseur winding increases the initial short- 
circuit current obtained from a generator but the in- 
creased current thus obtained is subject to a rapid 
decay. Thusif a short circuit is interrupted within 4 or 
5 cycles after its initiation, the current may be increased 
some 10 per cent on account of the amortisseur winding. 
Beyond this point, however, the increase in current due 
to this cause is negligible. At the time of interruption, 
the recovery voltage will be decreased in about the same 
proportion as the initial short-circuit current is increased 
by the amortisseur winding unless the duration of short 
circuit is very short, in which case the normal voltage 
will be approached. 

In the case of three-phase, ungrounded short circuits, 
the lack of an amortisseur winding may cause ex- 
cessively high recovery voltage upon interruption of the 
first phase to clear. This renders the duty of the circuit 
breaker considerably more severe when interrupting a 
three-phase, ungrounded short circuit in a machine of 
this type. 


Arc ENERGY 


A ballistic wattmeter which will indicate the instan- 
taneous values of current and arc voltage is a part of the 
equipment of most interrupting test laboratories. 
Readings of are energy are readily obtained and it is 
customary to take such readings for all interrupting 
tests. 

It has not been found that arc energy has any con- 
sistent relation to the current interrupted. The read- 
ings are taken merely to give a general indication of the 
breaker performance and are used only in the analysis 
of results. 
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EFFECT OF THE FORM OF THE RECOVERY 
CHARACTERISTIC 


There are a number of tests on record in which the 
recovery characteristic of the system was subjected to 
some control while the circuit voltage and current were 
held constant: 


On the 182-kv system of the American Gas & Elec- . 
tric Company at Philo, Ohio,* in the summer of 1930, 
the recovery characteristic was modified by changing 
the number of transmission lines connected to the bus, 
and recovery rates varying from 270 volts per micro- 
second to 2,400 volts per microsecond were obtained. 
Explosion chamber breakers were tested both with and 
without the oil-blast modification. In both cases the 
higher recovery rate gave about twice the arc length of 
the lower rate. 


For the impulse breaker’ it has been shown that for 
successful operation, a direct proportionality must be 
maintained between oil velocity at the contact tip and 
recovery rate. Data are available indicating that the 
same thing is true of other oil-blast breakers, as would 
naturally be expected. 


Tests reported by Doctor Kopeliowitch®? showed a 
two to one change in arc length resulting from a change 
in the frequency of the recovery characteristic from 350 
cycles per second to 1,500 cycles per second. The 
change in recovery rate would be proportional to the 
change in frequency. This presumably refers to a high 
voltage multi-break breaker. Doctor Kopeliowitch also 
states that the interrupting capacity of a compressed 
air circuit breaker could be increased 2.6 times by a 
reduction of the recovery characteristic frequency from 
18,600 cycles to 7,200 cycles. 


Mr. C. L. Denault? records a large change in the are 
length of a small plain-break breaker produced by 
manipulation of the recovery characteristic. 


In the great majority of cases, the factor determining 
the recovery characteristic!’" is the capacitance present 
in the system and its location with respect to the system 
reactance and the circuit breaker. A large capacitance 
to ground, located between the breaker and the princi- 
pal reactance. of the system, tends to delay the ap- 
pearance of voltage across the breaker and give rise to a 
mild recovery characteristic, whereas the lack of such 
capacitance causes a steep and therefore severe recovery 
characteristic. For this reason a breaker used to isolate 
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a fault from a bus to which are connected a large number 
of transmission lines or cables, if there is no appreciable 
reactance either between the fault and the breaker or 
between the breaker and the bus, will have a mild 
recovery characteristic. If, however, a current limiting 
reactor or a transformer is inserted in the circuit close 
to the breaker on either side, the recovery characteristic 
may become very severe. A special instance of the 
transformer case is that in which the breaker is used to 
protect a mercury arc rectifier installation. The duty 
of such a breaker has long been known to be severe, but 
it is only recently that the explanation has been found 
in the recovery characteristic. 

The feeling has been prevalent in the past that the 
recovery characteristics obtained in the field always 
were less severe than those normally obtained in factory 
testing plants. While this situation undoubtedly pre- 
vails in the great majority of cases, a few exceptional 
instances have arisen of late in which the field recovery 
rate was several times the factory test rate on standard 
connections. In such cases it is possible to set up a 
special arrangement in the factory whose recovery rate 
will equal that to be obtained in the field. Such a setup 
is shown in Fig. 5. Here the current limiting reactor is 
placed as close as possible to the circuit breaker and the 
two are connected by a very short jumper. The ca- 
pacitance between the two is thus maintained at a 
minimum. 


SPECIAL CONSIDERATIONS IN THE CASE OF VERY HIGH 
SPEED BREAKERS 


In the case of breakers which clear uniformly on the 
first normal current zero after separation of the con- 
tacts, the duty imposed on the breaker may vary over 
wide limits, depending on the time in the current cycle 
when the contacts are separated. Thus if separation 
occurs a very short time before current zero, the current 
in the arc may not exceed a few thousand amperes 
although the rms value of short-circuit current may 
have been as high as fifty thousand amperes. In such 
a case the circuit often is opened with no perceptible 
evidence of short circuit on the part of the breaker. 

If, however, the contacts separate at the beginning 
of a current loop, arcing will continue throughout the 
remainder of the loop, and a comparatively large 
amount of gas will be generated. In comparison with 
the other case, a rather large disturbance may be noted 
when this occurs, although with this type of breaker, 
the distress is not severe in any case. 

In the case of a displaced wave, the range of variation 
of breaker duty is likely to be considerably greater than 
in the case of a symmetrical wave, both because the 
rate of change of current is less in the neighborhood of 
current zero, and because the maximum possible dura- 
tion of current is greater. 


EXTRAPOLATION 


The method of extrapolation of results to obtain rated 
capacities beyond the limits of the testing equipment is 
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dependent on the type of breaker under consideration. 
The extrapolation of results of tests on plain-break 
breakers is particularly difficult because of the erratic 
performance of the breaker and the extent to which its 
are duration increases with increase in voltage. When 
necessary to extrapolate for plain break breakers, the 
most satisfactory method is to test at rated voltage and 
varying current up to the limit of testing facilities. 
From these tests a kva pressure curve is plotted which, 
if enough tests have been made and the curve has a 
definite trend, may be extended a reasonable distance 
within the known pressure limits of the breaker struc- 
ture. It is not considered even reasonably dependable 
to extrapolate from tests made at rated current, but at 
a reduced voltage, because there is little or no assurance 
that the are length at the reduced voltage will approxi- 
mate the are length at the same current at normal 


Fig. 5—Srrcitat Lasoratory ARRANGEMENT FOR OBTAINING 


UnusvuaLty Higno Recovery VoutaGEe Rates 


voltage. Also, the susceptibility of the plain-break 
breaker to variation in recovery voltage may give very 
misleading results from such tests. 

Most oil-blast breakers have the property that the 
are length is nearly constant over a wide range of 
voltage. Therefore, the stress on the breaker at any 
current is about the same regardless of the voltage. 
The procedure in making extrapolation tests on oil- 
blast breakers is to test at rated voltage at currents as 
high as are available. These tests will establish the 


arcing characteristics and check the design for consis- 
tent are length. The tests then are carried on at a 
lower voltage where more current can be produced. As 
long as arc lengths even at the lower voltage are ap- — 


> 


proximately the same length as those at the higher 


voltage, it appears reasonable to base the rating of oil- — 


blast breakers on the product of volts and amperes 
obtained from separate series of tests. 
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SUMMARY 


Short-circuit testing laboratories not only have been 
used as proving grounds for checking oil circuit breaker 
ratings but have been used also for research on the 
fundamentals of and the development of new methods 
for circuit interruption. From the research work made 
possible by the availability of such laboratories, the 
effects of many variables entering into breaker per- 
formance have been determined and several new types 
of breakers have been developed. Also, such a complete 
analysis has been made of the differences between 
laboratory testing and field service that their relation- 
ship can be judged accurately. 

Though the short-circuit currents available in even 
the largest laboratories do not permit the testing of the 
larger capacity breakers at rated interrupting current 
and voltage, nevertheless so much knowledge has been 
obtained on oil circuit breaker performance that tests 
on modern breakers at the laboratory can be extrapo- 
lated to the larger capacities with confidence. This 
is borne out by field tests which have checked labora- 
tory tests and by the fact that breakers tested in the 
laboratory have given the required service in regular 
operation. 


Appendix 


Calculation of the probable distribution of arc lengths 
for the first phase to clear of a three-phase breaker from 
an assumed distribution vn accordance with the standard 
probability curve for each pole of the breaker operating 
independently, single-phase, under current, voltage, and 
recovery rate conditions duplicating those of the three- 
phase case. 


The equation corresponding to the example chosen is 
‘2 — 10)" 


91 = 0.470 a 3 (1) 


where y; is the probability of occurrence, per inch, of an 
are length of x inches. Thus the probability of occur- 
rence of an arc length within 0.01 in. greater or less than 
x is2- 0.01 - y. 

These constants give a most probable arc length of 
10 in. with the probability of arc lengths of 9 in. and 11 
in. each half that of 10 in. The curves are plotted in 
Fig. 4 in such a way that one square of the cross-section 
paper represents a probability of 0.01. 

The probability, z:, of occurrence of an arc length less 
than a value x for the single-phase case is given by the 


equation 
zx 
a= f y idx 


The probability of occurrence of a longer arc length in 
this case is 1 — 2, and the probability that all three 
poles in a three-phase test will have arc lengths greater 
than x is (1—2,)*. The probability z3, that the first 
phase to clear of a three-phase test will have an arc 
length less than x therefore is 


(2) 
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=1- (— z,)3 = 8z,- 327 + 233 (3) 
and the equation of the corresponding probability curve 
is 


te dz; i, os Ex¢ dz, » dar 
z 
But from equation (2), i = y,. Hence, 
Ys = 38y; (1— 2.) 
(* ~ =. Ci =) 
Spel: [41- 0.470 fe =) acl (5) 


The bracket of equation (5) may be evaluated as 
follows: 


Tao) 
1.2 c=t0 
% 1 -( 12 ) ( x— 10 ) 
=a bye oe a} e d 12 (6) 


1 f - ( x = 
VT to 
(This is one-half of the standard probability integral for 
infinity.) 


) (220) eae 


1.2 2 


Hence, 
x -(43°) 
eae fin eeieds BAe 
x —10 
1.2 
1 2 Vee) SY 
cage el ge J : ‘(Fs )1@ 
But x —10 ; 
9 1.2 (43°) a( 10 ) 
ey: 12 


— 10 
, and its values are 


is the probability integral eee 12 


given in standard tables. Using these tables, therefore, 
and performing the other operations indicated in equa- 
tions (5) and (7), the value of y; can be determined for 
any value of x. Curve B of Fig. 4 was plotted in this 
way. 

It is obvious from inspection of curve B that the 
average arc length to be expected from it is somewhat 
less than 9.40 inches. A precise calculation gives 9.282 
inches. 

It will readily be seen that the decrease in the average 
are length from the single-phase case to the three-phase 
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case exists regardless of the shape of the probable 
distribution curve applying, except for the hypothetical 
case in which there is no variation whatsoever in the are 
length of the single-phase case, when the arc lengths for 
the two cases are the same. The amount of the decrease 
depends upon the extent of variation of the arc lengths 
for the single-phase case. 


Discussion 


Philip Sporn: Only as recently as 20 years ago it was quite 
common, when selecting oil circuit breakers, for the designing or 
operating engineer to give a system one-line diagram to the 
manufacturer, and from that diagram the breakers were selected 
or recommended on the basis of so-called system reactance and 
type of tripping employed. The art of breaker selection was 
considered at that time a highly esoteric one. The historic paper 
of Hewlett, Mahoney and Burnham! changed all that, and 
utility engineers began to realize that the short-circuit capacity 
that a breaker might be expected to rupture in case of a fault 
could actually be calculated for various system arrangements 
and that it could be calculated with a reasonable degree of 
accuracy. This in turn made possible the assignment of definite 
short-circuit capacities or ratings in amperes or kilovolt-amperes 
to oil cireuit breakers and left it to the electric system designer 
or operator to select a breaker that would give him the best 
engineering economic balance for both his immediate and future 
requirements. 

However, the art of designing oil circuit breakers continued 
on arather unsound basis until the development of testing labora- 
tories among the manufacturers. Some 10 years ago it was 
definitely recognized, however, that the amount of- information 
that could be obtained in the then existing laboratories was 
rather limited and that for a full determination of the suitability 
of breakers of any particular design for a given system, field tests 
would be necessary. In 1925 and 1926 an extensive series of such 
tests was carried out on one of the 132-kv systems with which 
the writer is associated, and it is interesting to recall the fact 
that a great many operators and operating engineers criticized 
this action as subjecting the power system to undue hazards. 
Nevertheless, and because of the fact that the results obtained 
in these tests were so productive of advancing breaker design 
and of giving the operators the necessary assurance that equip- 
ment installed for system protection actually was capable of 
performing satisfactorily at time of system disturbance, breakers 
continued to be tested in the field. This did not arrest the con- 
tinued development of more complete manufacturers’ labora- 
tories, but with this development the idea became prevalent 
among a considerable number of operating and designing engi- 
neers that all breakers were being tested up to their rating in 
manufacturers’ laboratories, and that it was possible to purchase 
breakers for almost all ratings that had been fully tried out in 
the laboratory; there was no question, therefore, that breakers 
so purchased could perform up to and within their rating entirely 
satisfactorily in the field. 

Such, of course, was not the case. The Association of Edison 
Uluminating Companies, recognizing this, appointed a committee 
about a year ago to investigate and report on the general question 
of oil circuit breaker testing, more particularly oil circuit breaker 
testing in the laboratory. In the discussions with manufac- 
turers’ engineers and designers this committee brought forth and 
gathered a great deal of information along the lines presented by 
the authors of the paper. It is obvious, however, that this paper 
presents the authors’ aspect of the very important problem of 
rating and selection of oil circuit breakers; that is, it gives a fairly 
complete idea of the testing procedure and interpretation of the 


1, See Transactions A.I.E.E., vol. 37, part I, pp. 123-165. 
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manufacturing group with which the authors are associated. 
Before the entire problem is brought to the proper state of 
knowledge it will be necessary to get similar data from other 
manufacturing groups and if possible bring some of the conflicting 
ideas into harmony. It is hoped that the committee report. 
referred to above will be able to accomplish this, but obviously 
any further presentation of data on the part of the engineers of 
other manufacturing companies will help this matter along 
materially. 

The authors, while giving a very excellent presentation of 
their end of this very important subject, show a tendency to fall 
into a very common error committed possibly from time im- 
memorial in connection with all engineering developments and 
more particularly in connection with oil cireuit breakers, and 
that is the assumption that the present is finally the time when 
all knowledge necessary in connection with the design of oil 
circuit breakers is available. Thus, they say that although “the 
short-circuit currents available in even the largest laboratories 
do not permit the testing of the larger capacity breakers at 
rated interrupted voltage, nevertheless so much knowledge has 
been obtained on oil circuit breaker performance that tests on 
modern breakers in the laboratory can be extrapolated to the 
larger capacities with confidence.’ I note they do not say ‘“‘with 
safety.” It is highly questionable whether that can be done; 
but there does not seem to be any doubt that proper testing in 
the laboratory can contribute greatly toward the development of 
a breaker so that it has a reasonable chance of satisfying the 
performance specification. It is questionable, however, whether 
for some time to come any substitute will be found for testing a 
breaker under actual field conditions if actual knowledge of the 
ability of the breaker to perform satisfactorily is desirable. 

Several other aspects of oil circuit breaker testing are com- 
mented upon at this particular time: 

It would appear that additional field testing is highly desirable 
in order to determine recovery limits and rate of recovery voltage 
rise that may be expected on different types of electric power 
systems, and laboratory and field tests to determine the ability 
of various types of breakers to perform under these conditions 
of differing rates of recovery voltage rise. Further, additional 
information, both theoretical and laboratory is necessary and 
desirable to determine the effect on rate of rise of recovery voltage 
of different types of breakers. 

In a discussion of the series of papers on the Philo 1930 oil 
circuit breaker tests,” the writer suggested that the standard 
A.I.E.E. duty eyele on oil circuit breaker capacity was in line 
for revision to take into account newer developments of the oil . 
circuit breaker art and changes in operating practice. Since 
then a joint E.H.I.—A.E.1I.C. committee has been at work on this 
problem together with the manufacturers’ engineers, but the 
development of a cycle that would fit modern operating condi- 
tions is being greatly handicapped owing to the lack of sufficient 
information, particularly test information as to the effect of 
proposed duty cycles upon present designs of breakers and more 
particularly upon newer designs in prospect. It would seem that 
some laboratory work on this particular problem is highly de- 
sirable, and perhaps indispensable, before a new duty eyele can 
actually be formulated properly; there appears to be no doubt 
that a new duty cycle is very much'‘needed at the present time. 

H. P. St. Clair: As a member of the Association of Edison 
Illuminating Companies on circuit breaker testing referred to by 
Mr. Philip Sporn and having spent a considerable amount of 
time during the past year in the study of oil cireuit breaker test- 
ing, particularly as regards the testing that is carried out in 
the laboratories of the various manufacturers, the writer was 
particularly interested in Messrs. Spurek and Skeats’s paper. — 
This paper is an indication that the extensive work being carried 
on by this committee will have a twofold value: first, from the 
standpoint of the committee report itself, which report it is 


2. Transactions A.I.E.E., vol. 50, p. 518. 
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hoped will be of considerable interest and value; and second, from 
the standpoint of stimulating the preparation and presentation 
of such papers as this one on the subject of circuit breaker test- 
ing. It is hoped that other papers along this line may be forth- 
eoming. 

W.D. Ketchum: Asamember of a working subcommittee of 
the Association of the Edison Illuminating Companies the writer 
has for about a year been devoting a substantial portion of time 
to an investigation of the oil cireuit breaker testing facilities and 
technique of the various manufacturers. The present paper is, 
therefore, of very keen interest. 


Undoubtedly this paper will contribute toward a better under- 
standing of circuit-breaker testing problems than most members 
of the industry have had heretofore. There is one point, how- 
ever, which seems to deserve more detailed treatment than the 
paper gives it: the influence of the decrement of the short-circuit 
¢eurrent upon breaker performance on OCO tests. The authors 
give the impression that it is only on poorly-designed breakers 
that the OCO test is much more severe than the CO test. They 
do not mention the effect of decrement upon the OCO test as 
distinet from the CO. 

It may be true that for a single OCO test where the decreemnt 
is slight the OCO test would not be much more severe than the 
CO. However, when a multi-shot cycle is made, with a substan- 
tial decrement, the effect upon the breaker may be much more 
severe than in the ease of the same number of CO shots. This is 
particularly true for heavy current values such as exist when the 
test is made at lower than rated voltage. In fact, under these 
eonditions the decrement actually can become a limiting factor 
on breaker performance, as the current to be closed may exceed 
the instantaneous current-carrying capacity of the breaker. 
For example, a 175,000-kva, 15-kv breaker might be tested at 4 
ky. If tested in a laboratory having only a slight decrement it 
would be called upon to close and open about 25,000 amperes. 
Tf tested with a more substantial decrement, however, it might 
have to close 50,000 amperes and open 25,000. If the short-time 
eurrent rating of the breaker is only 40,000 amperes, the decre- 
ment in this ease actually has the effect of derating the breaker. 

Even if the rating of the breaker is reduced for a multi-shot 
eycle, the cumulative effect of contact burning still may be suffi- 
cient to eause distress or failure. In my own experience, on tests 
of this type with a steep decrement, contacts have welded to- 
gether in closing and been destroyed; even though the breaker 


_ showed no distress in interrupting. The same breaker tested 


where the decrement was less severe might show no distress at 
all. It should be pointed out here that on account of the in- 
herent time required for breaker operation, plus whatever time 


- may be introduced by the relay settings, the serious consequences 


associated with substantial amounts of decrement that have been 
discussed above can occur when the decrement conditions are 
much less extreme than the case pointed out by the authors where 
the decay amounted to 50 per cent in three cycles. 


Other factors besides contact design are involved in this prob- 
lem. If the breaker does not latch on the closing stroke it starts 
opening with less than normal stored energy in the opening 
springs and its contacts part with less than normal velocity. 
These conditions penalize the breaker. In order, therefore, to 
be assured of satisfactory field operation, OCO tests must be 
made under decrement conditions comparable with those in the 
field. This means that tests in one laboratory are not necessarily 
comparable with those in another having different decrement 
conditions and that neither is necessarily representative of field 


_ conditions. 


Since under the new derating schedule now being considered by 
the industry, the derating factors for multi-shot cycles largely are 
determined by contact deterioration, it follows that in order for 
these factors to have any meaning, constant decrement condi- 
tions must be specified. 
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All of the foregoing discussion leads to the conclusion that since 
the results of tests made under different decrement conditions 
are not directly comparable, uniform decrement conditions 
should be maintained whenever possible in testing. Furthermore, 
the uniform decrement decided upon for testing should approxi- 
mately represent the most substantial decrement which will be 
encountered in the field. Where it is impossible to modify the 
existing facilities or the present technique of testing in order to 
achieve the desired decrement rate, the results should be adjusted 
to compensate for the discrepancy between the actual and the 
desired decrement curves. In order to determine the extent of 
the adjustment which would be needed, it would probably be 
necessary to test the same breaker in laboratories having different 
decrement conditions but with the same interrupted current. 
In this manner the extent of the influence of decrement could be 
determined. Until some recognition is given this situation, the 
results of factory tests cannot be compared directly nor can they 
be considered as a reliable index of the performance of the 
breaker in the field. 

J. K. Ostrander: Predicting the interrupting ability of a 
breaker by processes of extrapolation from test data, as briefly 
described in the paper, apparently is reliable if the breaker 
operates in a circuit with a reasonably low rate of rise of recovery 
voltage, but it is not obvious that accurate results can be ob- 
tained by extrapolation from test data for high rates of rise of 
recovery voltage. 

A high rate of rise undoubtedly will have a tendency to increase 
the arcing time. Therefore, if the breaker is tested with a high 
current and a low rate of rise, or a low current and a high rate of 
rise, it is not apparent that the operating ability at both high 
current and high rate of rise can be determined by the process of 
extrapolation referred to in the paper, unless it is proved that the 
curve plotted with arcing time against current is not changed by 
a change in recovery voltage. 

Many large power stations operate at voltages up to 13,200 
volts, with feeders and generators connected directly to the busses 
without transformers, the breakers being protected by current 
limiting reactors. In such circuits, a reactor may be quite close 
to the breaker and the electrostatic capacity of the circuit be- 
tween the reactor and the breaker may be less than 1,000 micro- 
microfarads. If a short circuit occurs near the outer terminal 
of the reactor in such a ease, the frequency of oscillafion at the 
time of circuit interruption may be over 100,000 cycles per second 
and this may produce a rate of rise of recovery voltage in excess 
of 5,000 volts per microsecond. 

For such an installation, it is desirable that the interrupting 
ability of the breaker be proved by some reliable process of ex- 
trapolation if it can not be tested at the factory at rated inter- 
rupting capacity and at the same rate of rise of recovery voltage 
as might be expected in service. 

W.F. Sims: The rupturing performance of circuit breakers ean 
only be established by tests made under a variety of conditions 
which ean be controlled. This was demonstrated in the field 
tests made at the Crawford Avenue Station of the Common- 
wealth Edison Company during the years 1928 to 1930. While 
some information can better be obtained in field tests, in general, 
factory tests are preferable because of the better control of con- 
ditions. Also, laboratory equipment is required to check the 
many elements of circuit breaker performance, and this is not 
always available in the operating companies. 

It also is diffieult to find a suitable and safe testing site on an 
operating system, and testing on commercial circuits is a hazard 
to apparatus, which may affect continuous service to customers. 
Further, a trained staff of testing engineers, embued with the 
testing spirit, is available at the factory, whereas the engineers 
of an operating company are not temperamentally adjusted to 
experimental testing, and as they are trained to keep apparatus 
in service and not to find its defects, they are more easily dis- 
couraged by failures. 
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It is essential to test the closing ability of breakers on short 
circuits in order to determine the presence of unexpected mag- 
netic, frictional, and hydraulic forces. CO tests greatly increase 
the available current capacity of the testing equipment, and are 
probably of more importance in field testing than in the factory. 
Short circuits of 5 to 8 cycles on a 60-cycle system may be ap- 
plied to a commercial system with little disturbance if they are 
not too closely coupled with the system load. Short circuits of 
greater duration are likely to have an undesirable effect on the 
system. As few circuit breakers will close and open in 8 cycles, 
the CO tests increase the short circuit that may be applied with- 
out injurious system effects. 


The statement that cable circuits are favorable to the rupturing 
performance of circuit breakers is confirmed by experience on the 
12-kv, 60-cyele circuits of the Commonwealth Edison Company, 
where unfavorable performance is very rare. On the same cir- 
cuits the extensive use of reactors does not seem to have an 
objectionable effect, possibly because the reactors used are rela- 
tively small and are compensated for by the over-capacity of the 
cables. 


This paper definitely leaves the impression that the statements 
made regarding the elements affecting breaker performance are 
not those of opinion only but that they have been fully confirmed 
by test. Such items as the effects of grounded or ungrounded 
circuits, single- or 3-phase operation, d-c components, wave forms, 
and recovery voltage have long been subjects of controversy. 
This presentation is a valuable and timely one and the authors 
deserve the thanks of engineers interested in this subject for the 
definite contribution to our knowledge of these factors. 

J.Slepian: This paper gives an excellent review of the many 
factors which must be considered in the testing of circuit breakers 
in high power laboratories. It will be very valuable to research 
and development engineers who make such tests and to operating 
engineers who must conclude from such tests how breakers will 
perform in their systems. Particularly interesting is the section 
“Effect of the Form of the Recovery Characteristic’ because 
from the study of such effect, much may be learned about what 
goes on in the short interval of time embracing a current zero 
when the are space changes from conductor to insulator and ac- 
complishes the whole purpose of the breaker, namely the actual 
opening of the circuit. 

Except for the third paragraph in this section, in no case is 
there found anything like a proportionality between the ‘“‘re- 
covery rate’ and the rate of recovery of dielectric strength of the 
are space, which, in most breakers at least, should be expected to 
be nearly proportional to the are length. By ‘‘recovery rate’’ 
is meant here, as also in the paper, the slope of the volt-time 
transient of the circuit calculated merely on the hypothesis that 
the are space suddenly becomes insulating at current zero. It 
does not correspond to the actually occurring transient which 
as shown in the paper by Van Sickle and Berkey (see page 850) 
begins well before the current zero, and is considerably modified 
by the conductivity of the are space. 

Thus, in the Philo tests mentioned in the paper a multiplication 
of the recovery speed by 8.9 required only a two-fold increase of 
are length, and in the oil breaker tests quoted from Kopelio- 
witch, an increase in the natural period of the circuit of 4.3 times 
again required only a doubled are length. Only for the oil-blast 
breaker in the third paragraph of the section is it stated that 
there is a proportionality between the ‘‘oil velocity’? and the 
“recovery rate.” 

The experimental basis for this conclusion and the’ theory 
advanced for the oil blast breaker were criticized by the writer 
and others (Discussion, Trans. A.I.E.E., March 1932, p. 191) 
and no reply was given. This conclusion again is contradicted 
by the quoted Philo tests, for if the are is extinguished by the 
formation of an oil barrier at a definite speed, there should have 
been no change in the are length, and it is very difficult to see 
why doubling the are length in an oil blast breaker operating in 
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its reputed way should make it handle a nine-fold greater ‘‘re- 
covery rate.” 

The results mentioned in this paper are consistent with the 
thought that the are space possesses considerable dielectric 
strength even before the current zero, an idea which is supported ° 
by the cathode-ray oscillograph study of oil breakers by Van 
Sickle and Berkey, and the special test described in the writer’s 
paper in Elektrotechnik und Maschinenbau, April 1933. This 
means that we must, to some extent, give up the simple picture 
now generally held and which was perhaps first proposed in the 
paper, Trans. A.I.H.E., v. 47, 1928, p. 1898, according to which 
the extinction of the are depends on a kind of race between the 
“recovery rate” calculable from the circuit constants alone, and 
the rate of recovery of dielectric strength of the are space, de- 
termined from the nature of the are alone, this race starting 
precisely at current zero. That this picture needs to be modified 
is important because there is a disposition on the part of some 
engineers leaning too heavily on the simple theory to feel that 
we may now attach a “recovery rate’ rating to cireuit 
interrupters. 

R. M. Spurck and W. F. Skeats: Mr. Philip Sporn mentions 
the desirability of field tests to determine the recovery rates 
likely to be met in practice. Properly conducted field tests from 
which recovery rates are measured with the cathode ray oscillo- 
graph are useful in determining or checking expected recovery 
voltage rates. As such tests are relatively expensive, a study has 
been made of the possibility of calculating the recovery rates of 
various systems from the system and apparatus constants which 
ean be more readily obtained. The company with which the 
authors are associated is assembling such data and hopes that 
some checks of its findings will be obtained from field tests. 


The authors did not intentionally create the impression that 
all the knowledge necessary for switchgear design is available at 
the present time. The oil circuit breaker testing plant of the 
company with which the authors are associated is continually 
in use in the development of new conceptions of circuit breaker 
performance and obtaining new information with regard to cir- 
cuit breakers, and all data obtained are examined eritically to 
determine whether they indicate that any previous assumptions 
with regard to circuit breaker testing or performance must be 
modified or discarded. 

We concur with the hope expressed by Mr. H. P. St. Clair and 
implied by other discussors that similar papers be presented by 
others who have had experience in oil circuit breaker testing. 

Mr. W. D. Ketchum has raised the point of the increase in ~ 
closing-in current required by a steep decrement curve on an 
OCO test when the breaker is interrupting its rated current. In 
this connection it should-be borne in mind that even in the field, 
in the ideal case where there is no decrement of the a-c com- 
ponent, it may be expected that the breaker will have to close-in 
on a current 73 per cent greater than it interrupts, due to the 
presence of a d-c component at the time of closing-in and its - 
absence upon interruption. With the testing generators used in 
this country, and reasonably fast tripping of the breakers, the 
ratio should not exceed two to one. Thus the difference between 
field and laboratory conditions is not so great as would appear at 
first sight. 

We feel that by the use of the testing facilities that are avail- 
able, the conditions discussed by Mr. W. D. Ketchum can be 
approximated and in actual testing work, tests are made to 
determine the adequacy of breakers under those general condi- 
tions. Particular attention is given to the design and test of 
breakers to insure that they have sufficient opening tendency for 
proper interruption even though they may be required to open 
before being entirely closed. . 

Mr. J. K. Ostrander suggests that breakers should be tested — 
simultaneously at the full recovery rate at which they are to be 
applied and at full rated current. In exceptional cases, it is just 
as difficult to do this as to test at full voltage and full rated cur- 
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rent. It is the opinion of the authors, however, that the be- 
havior of the breaker under conditions of full recovery rate and 
full rated current may be determined by tests covering the two 
conditions separately, provided that the are length is the same 
in both eases. 

A special test cireuit has been set up to approximate the high 
recovery rate mentioned by Mr. Ostrander and breakers tested 
under those conditions at the factory. Subsequent field tests 
under high recovery rate conditions indicated that the perform- 
ance of the breaker during the factory tests was consistent with 
the performance during the field tests. 

Doctor Slepian has raised a question somewhat irrelevant as 
far as this paper is concerned. He asks why no proportionality 
is found between voltage recovery rate and are length. We see 
no reason why there should be any. The space between the 
eontacts is not homogeneous, but is filled partly by oil of high 
dielectric strength and partly by gas of low dielectric strength. 
The rate at which the portion of high dielectric strength is built 
up is the important factor and does not bear any necessary rela- 
tion to the contact separation beyond some minimum distance. 
This point was discussed at length by Mr. D. C. Prince in the 
closing discussions of the papers, The Oil-Blast Circuit Breaker, 
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D.C. Prince and W. F. Skeats, presented January, 1931,* and The 
Theory of the Oil-Blast Circuit Breaker, D. C. Prince, presented 
January, 1932.7 

The desirability of the assignment of a recovery rate rating to 
oil circuit breakers is not, as Doctor Slepian suggests, dependent 
on a modification of the conception that during interruption 
there is a race between the growing dielectric strength between 
the contacts and the voltage building up across the contacts. 
In our opinion, the reason for recognizing recovery voltage in the 
interrupting rating of breakers is that the performance of the 
breaker is influenced by the recovery rate determined purely as a 
system characteristic. That there is a pronounced influence has 
been shown many times in the literature. It therefore behooves 
both manufacturer and operator to satisfy themselves that a 
breaker purchased for a given location is capable of handling the 
recovery rate to be experienced at that location, just as it be- 
hooves them to satisfy themselves similarly with regard to 
voltage and current. The actual assignment of ratings must 
wait, however, until more information is available regarding 
both system requirements and breaker performance. 


*A T.E.E. Trans., June 1931, p. 528. 
fA.1.E.E. Trans., March 1932, p. 197. 
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switches for low-voltage low-current distribution 

circuits and for various other applications has been 
quite common. These have done their work quietly 
with no loud poppings and spurts of flame and have 
proved so reliable that were it not for the expense and 
annoyance of locating the blown fuse and replacing it 
one or more times before the trouble is cleared up, it 
would not be necessary now to offer an alternative 
method of protection. 


he a great many years the use of fuses or fused 
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In developing a replacement unit, it seemed desirable 
as far as possible to retain the good points of the fuse, 
adding to its properties of silence and complete in- 
closure, the convenience of a trip indication and con- 
venient reclosure to restore service. If silent operation 
were to be obtained, the magnetic blowout with its pop 
and spurt of flame seemed to be ruled out. The fuse 
did not pop and had no openings for emission of flame. 
Without the space for drawing out the are and with 
expulsion eliminated, it was necessary to develop a new 
theory which can explain the operation of the fuse and 
then apply that theory to a circuit breaker. 


The potential drop in an arc varies with the pressure 
substantially as shown in Fig. 1. For very low pressures, 
itis quite high. As the pressure is increased, the voltage 
drop comes to a minimum and then rises again. The 
pressure for minimum arc drop is likely to be of the 
order of 0.1mm. The form of the curve is explained by 
ionization considerations. The current flow is carried 
largely by electrons. These make collisions with the 
gas molecules and in a certain fraction of cases, strike 
off other electrons, leaving the previously neutral mole- 
cule charged as a positive ion. These positive ions 
neutralize the negative electric field of the electrons, 
permitting the latter to travel rapidly through the space 
without doing any work. In the absence of any gas or 
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vapor molecules in the space, the accumulation of 
electrons produces a negative space charge that can be 
overcome only by high voltage on the positive electrode. 

After an ion is formed it continues to move to and fro 
striking other molecules, electrons or the walls of the 
vessel. At low pressure, many ions strike the walls 
where they are held stationary until neutralized by an 
electron, when the energy is lost to the wall. This loss 
of ions must be made up by increasing the average 
velocity of the electrons so that more collisions will pro- 
duce ionization. This requires higher voltage drop. 
As the pressure rises, more and more ions will be turned 
back by collision with neutral molecules, before reach- 
ing the wall. The loss to the wall will decrease and 
hence the voltage drop due to this loss will decrease. A 
moving ion is a much more difficult target for an electron 
to hit; collisions with ions will then be less frequent. 
The radiation resulting from the collision may not all 
be lost so that the average loss per collision becomes less. 
Because of these two effects, a reduction in loss to the 
wall is not entirely offset by increased losses elsewhere, 
and at low pressure a net reduction occurs with increase 
in pressure. 

When ion and electron collide away from a wall, 
energy is radiated which may ionize a second molecule 
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Fig. 2—Arc Drop 

oF A CarBon ARC 

In AtR UNDER 
PRESSURE 


fe} 10 * 20 30 40 50° 
PRESSURE IN’ LB PER SQ IN. 


in the are stream or escape from the are stream and be 
lost as far as assisting electron passage is concerned. 
As pressure is increased, these collisions become more 
and more frequent so that more and more energy is lost 
by radiation and absorption. The paths of the electrons 
are also shortened by the increase in pressure, so that a 
greater potential drop per unit of distance is required to 
get the necessary number up to ionizing velocity. The 
voltage required to make up losses thus rises rapidly 
with pressure and at a pressure of several atmospheres, 
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pressure on the are. 
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more voltage may be required to maintain an arc than 
the attached system can provide. In that case, the are 
goes out. 

The total are drop will be due to the sum of two 
components made up of losses decreasing with increase 
in pressure and the other made up of losses increasing 
with increase in pressure and will be of the form of Fig. 1 
which was made up from data taken in connection with 
mercury arc investigations. For low pressures the for- 
mer predominates and the total voltage falls with in- 
creasing pressures. For higher pressures the latter 
predominates and the total voltage drop increases with 
increasing pressures. Interruption of circuits by 
a pressure device involves the phenomena accompanying 
increase in pressure. Fig. 2 shows the drop in a carbon 
are in air. The pronounced increase in are drop with 
increase in pressure is apparent. If a constant voltage 
is applied to the are, the length of the gap over which 
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an arc can be sustained decreases with the increase of 
Fig. 3 shows the length of are be- 
tween carbon electrodes that can be maintained by a 
non-inductive circuit supplied from 125 volts direct 
current. 

Are drop is not dependent on pressure only. It is 
well known that the drop of voltage in an arc goes down 
with increase in current so that some series impedance is 
necessary to maintain constant current. At constant 
pressure, the cross sectional area of an are probably is 
proportional to the current or nearly so. The losses are 
concentrated along the arc boundaries so that they are 
proportional approximately to the surface area of arc 
stream or to the square root of the current and cross 
sectional area. The losses in watts are of course equal 
to the product of instantaneous current and are drop. 
The arc drop therefore is approximately proportionate 
to the inverse square root of current. This reasoning is 
not exact and rigid but is correct qualitatively and serves 
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to show the relationship between the arc characteristics 
as influenced by pressure and current. On account of 
the inverse nature of the arc drop at constant pressure, 
the current’ when increasing tends to increase in- 
definitely until limited by some other part of the circuit, 
and when falling, the are drop rises promoting a further 
fall in current until the are goes out. An arc at constant 
pressure is not a suitable circuit interrupting agency 


Fig. 4—SEcTION 
OF COMPRESSION 
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but if the condition of falling current can be established 
by lengthening, by magnetic blowout, or otherwise, or 
by increasing pressure so as to produce with increased 
current an increased are drop, the current then will be- 
gin to decrease and eventually will cease flowing. 

In an alternating current circuit, current decreases to 
zero twice per cycle, providing opportunities for the arc 
to become unstable and go out. In a direct current cir- 
cuit on the other hand, there are no such opportunities 
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so that conditions must be established for which the are 
is unstable under the conditions of current and voltage 


‘occurring in the circuit. There is a strong contrast be- 


tween this behavior and any deionization that is ex- 
pected to take place at a current zero only. 

To take advantage of the physical phenomena which 
have been outlined, in producing a circuit breaker a 
metal cylinder has been taken into which two contacts 
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have been sealed as shown in Fig. 4. The contacts are 
of course insulated from the metal cylinder and one is 
free to slide through a packing gland. When these 
contacts are separated under load or short-circuit cur- 
rent, an are is drawn in an atmosphere of ordinary air 
plus metal vapor and some gas from the insulation 
surfaces. The heat of the arc raises all these gases to 
high temperature and since the chamber is closed, a 
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Curve A—Arc voltage 
Curve B—Current 
Curve C—60-cycle timing wave 


high pressure results. Current continues to flow until 
the pressure builds up to a point where the are drop is 
too great to permit a stable arc to be maintained by the 
available voltage, after which the arc goes out. Such 
high temperature gas would not ordinarily be considered 
a good medium to stop an arc. It should be borne in 
mind, however, that the gases in an arc are always hot. 
The pressure increase offers an added impediment to 
the flow of current through gases already hot. 
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Fig. 7—Srcrion or AF-1 Breaker SHowina MEcHANISM AND 
CoMPRESSION CHAMBER 


This process takes place with either direct or alter- 
nating current. The resulting circuit breaker therefore 
is suitable for either current as contrasted with one 
which depends for its action upon deionization subse- 
quent to a current zero. The oscillogram in Fig. 5 
shows the interruption of a circuit carrying alternating 
current. But one-half cycle of current has been per- 
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mitted, even though tripping of the contacts was pro- 
duced by the movement of a bimetallic strip heated by 
the current. Fig. 6 shows corresponding operation on 
direct current. It can be seen that the drop across the 
circuit breaker contacts was higher than the impressed 
system voltage, while current was flowing. This condi- 
tion, of course, is a prerequisite in interrupting a direct 
current circuit. A 60-cycle timing wave is included in 
Fig. 6 to show the duration of the short circuit. For 
smaller currents, a somewhat longer time is required to 
build up the necessary pressure, but from the are 
characteristics a lesser pressure is required. 

It would be very interesting to observe the pressure 
occurring in these circuit breakers. Such measurements 
are rendered difficult by the extreme speed of the pres- 
sure changes and the small volume of the pressure 
chamber. Any attachments tend to produce variations 
in pressure of such magnitude as to mask the phenomena 
being studied. The cylinders used have withstood the 


Fig. 8—ComParRiIson OF CircuIT BREAKERS INTERRUPTING 
5,000 Amprrzes at 125 Votts ALTERNATING CURRENT 


pressures accompanying interruptions at 13,000 am- 
peres, 125 volts, at 60 cycles. At 20,000 amperes, 
cylinders have failed, indicating pressures of the order 
of 1,000 lb per square inch. 

The interrupting unit shown in Fig. 4 has been as- 
sembled with case and mechanism as shown in Fig. 7. 
Inasmuch as the interrupting unit is closed completely, 
it can be recessed in the molded base without vents from 
which flame and noise might escape and through which 
foreign material might enter to hamper the operation 
and circuit clearing functions of the device. The 
mechanism consists of a simple and sturdy tumbler 
switch arrangement to which has been added a powerful 
opening spring held in check by a thermal latch. Under 
service operations, the circuit breaker may be opened 
and closed by means of the usual tumbler lever giving 
snap-make and snap-break. In the event of overcurrent, — 
the thermal strip releases the trip spring and the con- — 
tacts are forced apart without regard to the position of © 
the operating lever. The mechanism is thus trip free — 
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from the operating handle. Such an automatic trip is 
indicated by a target rather than by a movement of the 
operating lever so that the opening can not be pre- 
vented nor the trip indication obscured by holding the 
lever. Neither is there a jerk on the lever that might 
startle an operator closing the circuit on a fault. 

The circuit breaker shown has a capacity of 50 
amperes at 250 volts and an interrupting capacity 
rating of 5,000 amperes and will form part of a line of 
circuit breakers for panel board, building equipment, 
and general applications employing the compression 
principle. The full line will include breakers up to 600 
amperes, single, double and triple pole, those above the 
50-ampere frame size being rated 10,000 amperes inter- 
rupting capacity. Fig. 8 shows the relative appearance 
of the new circuit breaker and a conventional type. The 
circuit breaker at the left is an open carbon break design; 
the one at the right, the new AF-1. In both cases the 
circuit interrupted is the same, 5,000 amperes at 125 
volts alternating current. 


Discussion 


C. H. Black: Reference is made in this paper to a newly- 
applied principle of circuit interruption which allows no are, 
flame, or stream of scorching gases to be liberated. The compari- 
son of these new air circuit. breakers with their predecessors is 
quite striking, as also is the tremendous expansion of the field 
of air circuit breaker application which these new designs have 
brought about. 

For many years air circuit breakers of the conventional car- 
bon-break, copper-brush-contact type remained in vogue. They 
are very large and must be mounted on switchboards with the 
greatest of care to be sure that the exposed are cannot injure the 
attendant or damage the panel and adjacent apparatus. 

Although many improvements have been effected even the 
more recent types still require a considerable space for mounting 
and, when enclosed in a steel housing, weigh a great deal more 
than breakers of the type described by Mr. Prince. These new 
breakers have at one stroke achieved a drastic reduction in size 
and weight, have provided individual enclosure and phase iso- 
lation of the arcing contacts, and have retained such improve- 
Ients as non-oxidizing contacts, trip-free operation, and high 
speed of contact separation. 

- A typical breaker of the conventional type, when enclosed in a 
suitable steel housing, weighs 110 lb with overall dimensions 
giving a volumetric content of 4,500 cubie inches. The com- 
parable compression type breaker weighs less than 6 lb, with a 
volumetric content of the enclosing case of less than 160 cubic 
inches. Furthermore, these breakers may now be mounted in 
any location, in any position, and as close together as their 
physical dimensions will permit, without fear of the are damaging 
adjacent apparatus, injuring the attendant, or striking between 
parts of opposite polarity. 

Air circuit breakers so small and light, yet retaining relatively 
high interrupting capacities, must in consequence be relatively 
inexpensive and hence they naturally tend to supersede not only 
the earlier and larger circuit breakers but also to supersede fused 
switches for panel-board and safety-enclosed switch applications. 
In fact, their design is more or less conventionalized to accord 
with panel-board and safety-enclosed switch practice and re- 
quirements, although the requirements of switchboard mounting 
also have carefully been considered. Replacing fused switches, 
these breakers afford more positive circuit protection, decreased 
maintenance, and more convenient operation. No longer can a 
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penny replace a 15-ampere fuse, nor can the manufacturer’s 
setting of the thermal tripping devices in these new breakers be 
tampered with unless the entire panelboard is dismantled and the 
seal on the breaker cover broken. Certainly this insures positive 
protection. Decreased maintenance naturally results from the 
ability of the contacts to interrupt severe short circuits many 
times without requiring attention and from the far greater ease 
of locating and resetting the breaker that has automatically 
tripped to clear a fault. There is, too, the greater factor of safety 
resulting from the elimination of exposed live parts on the front 
of the panelboard or switch box. 

By the use of these breakers switchboards can be greatly re- 
duced in size and in installed cost and yet provide much greater 
safety of operation. Not only are the breakers themselves totally 
enclosed but their design facilitates mounting them behind a 
dead-front steel panel. We find that in some cases it is good 
economy to sub-divide a relatively few high current cireuits and 
replace the few high-current air breakers with a larger number 
of the very much smaller and less expensive breakers of the com- 
pression type. (This does not, however, reeommend the opera- 
tion of breakers in parallel unless extreme care is taken to insure 
proper load distribution.) 

The application of new breakers of this type to residence wiring 
is a broad field for which air circuit breakers have not heretofore 
been considered. Convenience and ease of operation and main- 
tenance obviously are the principal factors justifying the use of 
air circuit breakers for this application. The complete enclosure 
of the are and the totally silent operation of the compression 
type breaker make it especially adaptable to this class of service 
where noisy current interruption and visual evidence of arcing 
(common to most types of circuit breakers) would decidedly be 
objectionable. When provided with a suitable weatherproof 
housing, breakers of this type may be mounted out of doors and, 
if properly applied, may effect quite a decided saving in certain 
types of power distribution systems. 

Beyond these more usual fields of application, breakers of this 
type and size are being applied to or considered for application to 
street-lighting systems, auxiliary circuits in electric locomotives, 
numerous uses in industrial plants, and (when provided with a 
suitable enclosure) for use in highly explosive atmospheres. The 
compression type interrupting element also is being considered for 
application to many other devices for various applications. 

It is our belief that the introduction of this new line of cireuit 
breakers not only will broaden the existing field of air circuit 
breaker application, but will be of immeasurable benefit to the 
ultimate user because of one or more of these outstanding ad- 
vantages: greater safety; greater ease of operation and main- 
tenance: reduction in cost of installation; and more positive cir- 
cuit protection. 


J. B. MacNeill: Mr. D. C. Prince states that this is a new 
device operating under a new theory. We cannot agree that 
Mr. Prince’s breaker is new in principle, as a patent covering a 
construction very similar to the one he uses was issued to the 
writer in 1926, and the same principle was incorporated in a line 
of circuit breakers designed in 1929. About that time means was 
found of introducing effective deionization through plate struc- 
tures in small capacity units. These plate structures, similar 
to those in large deion breakers, offer more promise of covering 
adequately a line of apparatus up to 600 amperes and 600 volts 
and of eliminating the difficulties encountered. Experience with 
the compression type showed that the idea of mounting the 
main contacts completely enclosed in a compression chamber 
gave rise to maintenance problems, and that the action on low 
power factor ares and inductive d-e ares was not ideal. 

J. Slepian: The breaker described in this paper is very at- 
tractive in that the are is enclosed completely with the complete 
suppression of external flame and noise. It is presumed that the 
capacity of the breaker to interrupt all the ranges of current in 
all types of circuit to be met in practice has been thoroughly 
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tested by the author. Without questioning the interrupting 
capacity of the device the following paragraphs discuss the theory 
of the extinction of the are in the compression chamber, and 
particularly the d-c are. 

Inereasing the pressure of the gas sufficiently will certainly 
raise the are voltage, although other investigators do not record 
as large an effect as is indicated in Fig. 2 of this paper. Thus, 
G. P. Luckey, Physical Review, IX, 1918, p. 129, for a 0.24-cm 
are of 5 amperes between tungsten electrodes in nitrogen gives an 
are drop of 54 volts at one atmosphere pressure, but this increases 
to only 69 volts at 14 atmospheres or 195 lb per square inch above 
normal. Nevertheless, whether the effect is as large as indicated 
by Fig. 2 or as small as indicated by Luckey, raising the pressure 
sufficiently high will raise the are drop above the supply voltage 
and therefore will make the are go out. However, is this the 
whole story as regards the extinction of the are in this breaker? 

A first doubt is raised by the description of Fig. 3, which states 
that it applies for a non-inductive circuit. But if the pressure 
raises the are voltage above the line voltage then the d-c are 
should be extinguished whether the circuit is inductive or not, 
and the limiting length of are necessary to interrupt a given cir- 
euit at any particular pressure should be independent of the 
inductance in the circuit. Therefore, does the curve of Fig. 3 
apply to an inductive circuit as well, and if not, why not? Inci- 
dentally, the curve of Fig. 3 would be much more useful if the 
current in the circuit were mentioned. 

A second doubt is raised by the oscillogram of a-c operation in 
Fig. 5. Here the are voltage shown is only a small part of the 
total supply voltage throughout the half cycle of arcing. But 
because of the small thermal capacity of the small volume of gas, 
its temperature, and with it, the pressure should lag very little 
behind the current, and the high pressure that is counted upon to 
produce a high are voltage should have appeared in the first-half 
eycle. The author himself states that the speed of the pressure 
changes was so extreme that measurement was rendered difficult. 
Of course, the are was extinguished in one-half cycle in the a-c 
ease of Fig. 5 since deionization at the cathode is sufficient at a 
current zero to interrupt the low voltage, whether high pressure 
developed or not. 

A third doubt is raised by the oscillogram of Fig. 6 showing 
operation on a d-c circuit. The rapidity with which the current 
dropped as soon as the are voltage rose leads to the conclusion 
that the circuit was only slightly inductive. But in such a non- 
inductive circuit, the current should have been a maximum when 
the short-cireuit was thrown on, and then should have reduced 
rapidly as the are was drawn and the are voltage rose due to the 
developing pressure. Actually, however, the current rose rapidly 
to less than half its maximum, and then increased slowly to its 
maximum over nearly a cycle and one-half of the timing wave and 
then very suddenly fell to zero. Such a course of the current in a 
slightly inductive circuit is not consistent with a continually in- 
creasing are voltage; and suggests that the are voltage remained 
low for more than a 60th of a second. 


Unfortunately, the zero line of are voltage, and with it the 
first period of arcing has been cut out of Fig. 6, but what is left 
of the oscillogram does indicate that the are voltage did remain 
low for a considerable time. The only alternative would be that 
the contacts remained closed for a long time, which is not con- 
sistent with the fast operation shown by Fig. 5. The writer asks 
the author if the are voltage did remain low for some time, and 
why the high pressure did not raise the are voltage at once? 


The writer makes the following suggestion. Under the in- 
fluence of the intense magnetic field accompanying the heavy 
current, the gas space will be thrown into a violent turbulent 
flow. At a particularly favorable moment in this flow the are 
voltage might be raised momentarily, which, in a non-inductive 
circuit would cause a quick drop in current. We would then have 
a smaller current are in the still persisting turbulence produced 
by the preceding larger current, and this would call for a still 
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higher are voltage, which would further reduce the current, and 
so the are would be extinguished. This suggestion would fail 
however, in an inductive circuit since with the current decreasing 
slowly, the turbulence also would die down and the high are 
voltage would be lost. This suggestion also would make the are- 
ing time in the non-inductive circuit a somewhat random affair, 
depending on the occurrence of a fortuitous moment of high are 
voltage. Do the arcing times in a particular d-c circuit show 
random variations in length? 

Another suggestion is that the high are voltage appears when 
the are blows to a side, and bears against the insulating bushing 
at the ends of the chamber. The material of which these bushings 
is made is not mentioned in the paper, but if it is organic, then 
under the heat of the arc it will give off gas at a high rate produc- 
ing a flow which will extinguish the are. This suggestion also 
will fail in an inductive circuit, since the continued evolution of 
gas from the bushings for a long period of arcing will quickly 
burst a tight chamber. 


Since both these suggestions fail in an inductive d-e circuit, 
may I ask the author whether there is any limit to the inductance 
at which the breaker begins to fail. 


For both suggestions, the high pressure developed will be a 
favorable influence. We should expect the turbulence in a denser 
gas to have a greater effect on the are voltage, and also the turbu- 
lence should persist longer after the current starts to decrease. 


H.R.Summerhayes: The development of the compression 
type low voltage air circuit breaker with its compactness, high 
rupturing capacity and ease of making it totally enclosed or 
weatherproof, brings to mind a new field in which such cireuit 
breakers might be used. 


Outside of the existing low voltage alternating current net- 
works, there is still a considerable field of distribution, residential 
and commercial, covered by systems of the strictly radial type, 
in which each distribution transformer serves a separate secon- 
dary main of its own, the mains served by adjacent distribution 
transformers not being connected. 


It has been realized for a long time that by connecting these 
mains or banking the transformers, the voltage regulation and 
load distribution would be improved, but one of the disad- 
vantages that prevents the more frequent use of banking is the 
difficulty of obtaining sufficiently selective fuses for use in the 
secondaries of the transformers. It is suggested that by the use 
of this type of circuit breaker with its thermal tripping arrange- 
ment, which could be adapted to the thermal overload capacity 
of a transformer, there will be sufficiently selective action to 
permit the banking of transformers on a single secondary without 
the disadvantages attending the use of secondary fuses. 

It is believed that with such circuit breakers on the secondaries 
of each transformer, a short-circuited transformer could be cut 
out of the system by the primary fuses and the secondary circuit 
breakers without opening the secondary circuit breakers or 
primary fuses of the other transformers banked on the same 
secondary; thus no interruption to the service would be caused by 
trouble in the transformer. 

Whether such an installation would be advisable is a matter of 
study for the distribution engineers, but it is offered as a means of 
improving service and realizing the advantages. of banking 
transformers. 


D. C. Prince: Mr. C. H. Black has discussed the new com- 
pression circuit breaker from an application point of view. His 
remarks are particularly timely as no description of a device is 
complete without the background into which it fits. 


Mr. J. B. MaeNeill called attention to various structures pur- 
porting to be compression circuit breakers known before the de- 
vice described in the paper. One notable difference was present, 
however. Mr. MacNeill’s circuit breakers were all provided with 
vents allowing the escape of pressure. At low currents, these 
vents prevent the accumulation of sufficient pressure to gi 
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positive operation, while at high currents a scouring action takes 
place which greatly reduces the useful life of the device. The 
underwriters call for permanently sealing the entire interrupting 
element and mechanism of these small circuit breakers. The 
contacts therefore are entirely inaccessible whether sealed or not. 
By definitely sealing the contacts they are less susceptible to dirt 
and other deteriorating influences so that maintenance is much 
less likely to be required than in other types of small circuit 
breakers. 

Doctor J. Slepian presumes that these circuit breakers have 
been thoroughly tested. That is correct. The ratings of these 
devices are such that capacity is available for full power testing 
of even the largest units in the line and that has been done. 

Doctor Slepian asks whether the curve in Fig. 3 would be 
changed were the circuit inductive. It is general knowledge that 
a longer are can be maintained with an inductive circuit, other 
things being equal. This is because self-induced voltages may 
add to the impressed voltage, providing momentarily a high 
voltage to maintain the are. 

In the operation shown by the oscillogram of Fig. 5, some time 
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was required for the thermal strip to release the mechanism and 
for the contacts to part; this accounts for the delayed appearance 
of are drop on the film. 

Doetor Slepian’s statement that 125 volts is insufficient to 
maintain an a-¢ are is not true in general since alternating eur- 
rent ares are maintained with less voltage than this. 

In Fig. 6 as in Fig. 5, time was required for the circuit breaker 
to trip and separate its contacts after which the counter emf rose 
quickly and the are was extinguished. 

Doctor Slepian’s magnetostrictive theory is very interesting; 
however, it is observed that the effect of inductance merely is to 
lengthen the arcing time rather than cause failure to interrupt. 
There are differences in behavior with different materials. These 
differences appear to be related to the pressure generating proper- 
ties of the material but not to their magnetic properties. 

Much more work remains to be done on the theory of opera- 
tion of the compression breaker and to that end Doctor Slepian’s 
suggestions are very much appreciated. Thanks to adequate 
testing facilities, the performance of these circuit breakers is 
entirely independent of the proof of the theory. 


Arc Extinction Phenomena in High Voltage 
Circuit Breakers—Studied With a Cathode Ray Oscillograph 


BY R. C. VAN SICKLE* 


Associate, A.I.E.E. 


Synopsis.—A medium-speed cathode-ray oscillograph with a 
rotating film has been built for the study of circuit breaker transients. 
The film is wrapped around a drum and rotated in the vacuum at 
high speed. Each film shows in a continuous trace a complete story 
of the formation of arc, subsequent reignitions, and final extinc- 
tion. More than 15 complete cycles may be recorded without ex- 
cessive blurring. Each film is self-calibrated. A study of several 
types of circuit breakers with this instrument shows that the nature 
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and 


of the transients at time of arc extinction varies with the type of 
breaker on test. Different types of breakers tested on the same circuit 
have different rates of rise of recovery voltage. The deionizing effi- 
ciency of a breaker influences not only the arcing time, but the 
transient oscillation at current zero. The influence of the detonizing 
efficiency of the breaker upon the stability of the decreasing arc cur- 


rent near current zero is studied and interesting conclusions made. 
* * * * * 


INTRODUCTION 


HE role played by the circuit constants in all types 
aR of interrupting devices has been brought to the at- 

tention of electrical engineers only in the last few 
years.t The cathode ray oscillograph is the instrument 
that has made possible the study of are transients in 
circuit interrupters. A new type of cathode ray oscil- 
lograph has been built that is adapted especially for all 
types of investigations involving frequencies of from 25 
cycles per second to 200,000 cycles per second. This 
oscillograph has been the means of securing much new 
information about are phenomena in circuit inter- 
rupters. It is the purpose of this paper to describe this 
instrument used in a study of circuit breaker arc tran- 
sients around current zero and to discuss the results 
obtained as applied to circuit breakers. 


APPARATUS 


In a study of transients in circuit breakers at current 
zero a cathode ray oscillograph is necessary. The diffi- 
culties encountered in synchronizing the cathode ray 
oscillograph with the current zero previous to interrup- 
tion are many because of the variable arcing time of a 
breaker. Many oscillographs lose from 10 to 50 per 
cent of the wave front in tripping the beam and there- 
fore give no information on the voltage across the 
breaker before current zero. These troubles were 
eliminated by using a rotating film oscillograph. 
Dufour? first used the rotating film in a cathode ray 
oscillograph. This oscillograph was adapted a few 
years ago for lightning investigations. Other better 
designs have since replaced it. _ 

An early type of rotating film cathode ray oscillo- 
graph was rebuilt for the investigation of circuit breaker 
phenomena. Cone joints were replaced with flanges and 
rubber gaskets. A high-speed motor was designed to 
turn the film at a maximum speed of 7,200 rpm. 
Vacuum seal is made by a monel cup through the air 
gap in the driving motor. A d-ce generator supplies 
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1. For references see bibliography. 
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high voltage for the electron beam Fig. la); the beam 
is focused on the film by a concentrating coil. A 15-mil 
diameter pinhole anode narrows the beam to a very 
fine trace on the film. 

A wiring diagram of the test circuit is shown in Fig. 
1. A Norinder relay is used to trip the beam onto the 
film. Voltage is applied to the Norinder relay plates by 
a multi-contact relay which in turn is energized through 
mechanical contactors mounted on a cam shaft (Fig. 1b). 
Other contactors mounted on the same shaft control the 
entire test operation, being adjusted to give proper 
timing and sequence. Interruption of the relay coil 
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Fig. 1—Catuopr Ray OscintoGRAPH CONNECTIONS FOR 
Circuir Breaker TESTS 


current removes the voltage from the Norinder relay 
plates and grounds them. 

It is possible to set the contactors on the cam shaft 
so that the beam will be on the film for 1 or 20 cycles. 
Normally from 5 to 8 cycles are necessary in testing 
circuit breakers. 

The high-speed 3-phase motor used to drive the film 
is fed from a converter. Speed of the film is controlled 
by resistances in the armature and field of the stator in 
the converter. The maximum speed of 7,200 rpm draws 
out a 60-cycle wave to a length of 36 in. on the film. 
This speed corresponds to a uniform timing sweep of 
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180 microseconds per centimeter. The film is 5 inches 
wide and 18 inches long. By rotating the film at a 
speed out of phase with the 60-cycle wave on the de- 
flection plates, it is possible to record 15 or more com- 
plete cycles without excessive blurring. 

Voltages for the deflection plates are reduced by 
resistance potentiometers as shown in Fig. le. Non- 
inductive water-tube resistors are used throughout. 
The resistor tubes are filled with distilled water, then 
brought to the proper resistance by the addition of salt. 
An overhead transmission line leads into the oscillo- 
graph room through roof bushings from the contacts of 
the circuit breaker about 200 feet away. Spurious oscil- 
lations in this transmission line are prevented by 
grounding through a resistance equal to the surge 
impedance of the line. The series resistance, R,, is 
varied to give the proper deflection for different test 
voltages. 

An element on the magnetic oscillograph can be used 
to show when the cathode ray oscillograph operates. By 
allowing a cycle or two of restored voltage on the 
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The speed of the film is 750 microseconds per inch, while 
the sensitivity of the deflection plates is 8,000 volts per 
inch. The test current was 1,300 amperes. 

Referring to Fig. 2 at point A, the contacts were 
closed and no voltage appears on the deflection plates, 
a zero line is traced. The time scale increases to the 
right across the film. At point B the breaker is opening 
its contacts and the first reversal of current takes place. 
At the right edge of the film the trace is interrupted to 
begin again on the left edge K’K. As the contacts con- 
tinue to open each succeeding reignition voltage, C, D, 
E, F, G, H, I, gets higher until at J the arc is extinguished 
and the recovery voltage rises on a transient to the open 
circuit voltage: 

A calibration of the speed of the film is obtained by 
measuring the distance on the zero between two suc- 
cessive crossings of recovery voltage. The deflection 


sensitivity is determined directly from the film by (1) 
reading the recovery voltage from the magnetic oscillo- 
graph voltage element; (2) the plate sensitivity multi- 
plied by the potentiometer ratio. 


cathode ray film each oscillogram automatically is self- 
calibrated. Ten minutes are required to break the 
vacuum, reload the oscillograph, develop the film and 
pump out ready for the next test. 

This oscillograph may be used with a stationary film 
as well as with the rotating film. To change from the 
rotating film to the stationary film a small injector is 
inserted into the shaft and is connected mechanically to 
a hexagonal knob in the oscillograph door. The sta- 
tionary film has 6 exposures of film 5 in. by 8 in. in size. 
The operation of this oscillograph is so simple that a 
laboratory worker learned to operate it on circuit 
breaker tests after observing a few tests. The cathode 
ray oscillograph has now become a part of the routine 
testing equipment for circuit breakers. . Many different 


types of electric devices have been tested including © 


fuses, oil and air breakers, lightning arresters, gaseous 
discharge tubes, rectifiers, and vacuum switches. 

Fig. 2 shows a typical oscillogram of the operation of 
a plain-break, butt-contact oil breaker at 13,200 volts. 


From the magnetic oscillograph element showing the 
rate of separation of contacts it is possible to determine 
accurately the rate of recovery of dielectric strength in 
the space between the breaker contacts. The oscillo- 
gram also shows the variations in are voltage accurately 
and in greater detail than the magnetic oscillograph. 
Overshooting, frequency and rate or rise of recovery 
voltages are easily measured from this film. 


OBSERVED PHENOMENA 


The phenomena which occur during the interruption 
of high-voltage, high-current circuits have been the sub- 
ject of much investigation and study but it is only since 
the cathode ray oscillograph has been applied to this 
work that accurate detailed data can be obtained con- 
cerning it. With the high power testing facilities and 
cathode ray oscillographs now available it is possible to 
record these phenomena at powers that are encountered 
in service, and to show variations in the phenomena that 
last only a few microseconds. The use of these facilities 
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for the study of are extinction has resulted in an advance 
in our knowledge and a modification of previous theories 
of are extinction as described in this paper. 

Since this equipment became available, it has been 
used extensively during tests on many different sizes and 
types of circuit breakers from 15 kv to 230 kv at various 
currents from 200 to 100,000 amperes. The tests were 
made on plain-break oil circuit breakers, deion grid oil 
circuit breakers, and deion air-break circuit breakers. 
With this wide variety of conditions, the following facts 
were soon noted: 


Fig. 3—OsciLLoOGRAM OF THE INTERRUPTION OF 14,000 AMPERES 
at 7,600 Vouts, SINGLE PHASE 


1. The rate of rise of recovery voltage, which ap- 
pears across the breaker contacts at the time of arc ex- 
tinction is a function, not only of the circuit but also of 
the circuit breaker. 

2. The nature of the transient, which occurs at the 
time of are extinction, depends on the breaker as well 
as on the system. 

3. The voltage at the end of the last half-cycle of 
arcing has various characteristics governed by the cur- 
rent, circuit characteristics, and breaker. 


DISCUSSION OF OBSERVED PHENOMENA 


The most important sections of 4 typical oscillograms 
are reproduced in Figs. 3 to 6 to illustrate the particular 
features on which these observations of interrupting 
phenomena are based. In this paper, detailed compari- 
sons will be drawn to demonstrate the facts already 
stated, and careful analyses made to give the magnitudes 
of the quantities involved. 

That the rate of rise of recovery voltage is influenced 
by the breaker is shown in Figs. 3 and 4. These oscillo- 
grams, both typical of their respective series, were taken 
on the same circuit, with the same generator connec- 
tions, with the same bus structure to the same test cell, 
with practically the same reactor connections and with 
the same measuring and recording instruments, but with 
different breakers. The oscillogram in Fig. 3 shows the 
interruption by a deion grid breaker of 14,000 amperes, 
7,600 volts, single’phase, with voltage rising across the 
contacts after the zero of current at an average rate of 
2,080 volts per microsecond. The oscillogram in Fig. 4 
shows the interruption by a plain-break breaker of 
12,000 amperes, 7,600 volts, single phase, with a maxi- 
mum rate of rise of recovery voltage of 500 volts per 
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microsecond and an average of about 170 volts per 
microsecond up to 6,500 volts. In other words, with all 
conditions external to the breakers the same, the rate of 
rise of recovery voltage varied in the ratio of 1 to 12 for 
two different breakers. The breakers caused this dif- 
ference. . 

These 2 oscillograms show that not only the magni- 
tude but also the nature of the transient after the zero. 
is influenced by the breaker and varies even though the 
rest of the circuit is the same. Fig. 3 shows the voltage. 
varying in a very complicated manner during the tran- 
sient. A careful analysis discloses that there are three. 
principal frequencies of approximately 91,000, 39,600: 
and 10,100 cycles per second. During this test the volt- 
age reaches a peak 1.88 times the instantaneous gen- 
erated voltage. On the other hand, Fig. 4 shows the 
voltage varying in a very simple manner and having a. 
peak value of only 1.14 times the instantaneous gen- 
erated voltage. Fig. 5is a reproduction of a cathode ray 
oscillogram showing a transient produced in another 
laboratory by a plain-break circuit breaker interrupting 
8,700 amperes at 7,600 volts. The transient appearing 
in this test varies in a manner having characteristics 
similar to each of the two previously described. It is 
mainly an oscillation of 17,000 cycles, with a relatively 
low amplitude and peak voltage about 1.4 times the in- 


Fig. 4—OsciLLoGRaM OF THE INTERRUPTION OF 12,000 AMPERES 
at 7,600 Vouts, SINGLE PHASE 


stantaneous generated voltage. These three transients 
of quite different appearance, must be related since all 
occur on tests of comparable voltage and current. 

The nature of the phenomena which occur just before 
the voltage becomes zero at the end of the last half-cyele 
of arcing also varies, as shown by these same oscillo- 
grams. In Figs. 4 and 5 the arc voltage becomes steady - 
and then decreases in a smooth curve to zero. In Fig. 3 
the are voltage rises in a somewhat irregular line to 
peak value and then decreases very rapidly to zero. 
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Fig. 6 shows an oscillogram of a 44,000-volt, 330-ampere 
interruption in which the are voltage increases slightly 
for a short period in an irregular line, similar to the one 
in Fig. 3, and then more rapidly in what appears to be 
part of a sinusoidal wave that forms the main part of 
the transient after the zero of voltage. It appears then 
that these variations in characteristics occur before as 
well as after the voltage becomes zero. 


Fig. 5—OsciILLOGRAM OF THE INTERRUPTION OF 8,700 AMPERES 
at 7,600 Vouts, SINGLE PHASE 


These 4 oscillograms are typical of different types of 
interruption that are obtained in oil circuit breakers. 
The phenomena shown on them appear quite different 
in the extreme cases but long testing experience indi- 
cates that between these extremes are intermediate cases 
which divide the differences into small steps and show 
that they are all closely related. Consequently, a satis- 
factory theory of the phenomena of are extinction must 
explain each of these cases. 

The theories of the manner in which alternating-cur- 
rent ares in circuit breakers are extinguished can be 
tested by these cathode ray oscillograms. Some of these 
conceptions contain approximations calculated to elimi- 
nate variables believed to be of minor importance; 
others have been constructive attempts to explain the 
phenomena bymeans of theoretical considerations; all 
have been based to some extent on assumptions. Now, 
in the light of additional data on these phenomena, the 
ideas should be reviewed for verification or modification. 

Heretofore it has been assumed that up to the time of 
current zero the effective resistance of the arc space is 
negligible. This is admittedly only a simplification but 
in most discussions of heavy-current ares in high voltage 
circuits, it is accepted and the phenomena during this 
period are neglected. However, it is at this time that the 
ionizing and deionizing processes are active in setting up 
the conditions that produce the observed voltage varia- 
tions prior to voltage zero. These processes also de- 
termine whether the current zero occurs before or simul- 
taneously with the voltage zero. Therefore, the period 
while current is flowing in the arc should not be neg- 
lected. Although the arc path is to be studied, the 
actual cross sections and corresponding densities of 
ionization which are continually changing, fortunately 
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do not have to be determined, since the overall conduc- 
tivity of the arc space can be calculated from the records 
of the cathode ray and magnetic oscillographs. 

In this paper, the quotient of the voltage across the 
breaker divided by the current through the arc is called 
the effective resistance. From the usual are voltage 
characteristic for stable conditions it is evident that the 
effective resistance of the arc path increases as the cur- 
rent decreases. This can be seen also in Fig. 7 which 
shows arc characteristics for various conditions.‘ Curve 
A represents the characteristics of an are in equilibrium, 
that is, when the current changes so slowly that the 
ionizing activity always just balances the deionizing ac- 
tivity. When the current is increasing very rapidly, the 
voltage for a given current is greater than for a stable 
are of the same current since the total number of ions 
present corresponds to a lower current value. The 
characteristics of such a current are shown by curve B. 
On the other hand, if the current is decreasing rapidly, 
the ionization is greater than it would be for stable 
conditions and the characteristics are similar to curves 
C, D or E depending on the rate of change of current 
and the rate of deionization. These curves correspond 
to the characteristics shown in Figs. 3, 4 and 5 and 
indicate that the effective resistance mayvary greatly 
as the current approaches zero. 

Moreover, it is possible for the effective resistance to 
become infinite before the current in the inductive part 
of the circuit, the generators, transformers, reactors, 


Fig. 6—OscILLOGRAM OF THE INTERRUPTION OF 300 AMPERES 
AT 44,000 Votts, StncLE PHASE 


ete., becomes zero. This has been shown for small 
powers with arcs in air between metal plates by Messrs... 
Attwood, Dow and Krausnick.* The same phenomenon 
is shown for 44,000 volts, 330 amperes, in Fig. 6. This 
phenomenon occurs when the are becomes unstable and 
the current in it suddenly shifts to another parallel 
circuit, in these cases a small parallel distributed ca- 
pacity of the conductors and equipment. Since the cur- 
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rent in the inductive part of the circuit is still flowing, it 
charges the capacity, causing a rise in voltage which is a 
function of the current flowing when the are was ex- 
tinguished, the rate of change of voltage at that time, 
and the capacity between lines. This capacity also ex- 
erts an important influence in determining the time 
when the arc will be extinguished because, if the voltage 
is increasing between the contacts, a charging current 
flows whichreduces the current in the are and facilitates 
the extinction. 

From these typical oscillograms it can be concluded 
that the rate at which the current is approaching zero, 
the rate of deionization, and the circuit characteristics 
are of great importance in arc extinction. The effective 
resistance of the are space is increasing as the current 
approaches zero and it may have a relatively low value, 
a relatively high value or even be infinite when the 
current in the main part of the circuit reaches zero. 


ARC VOLTAGE 


Fig. 7—STatTic 
AND Dynamic ARC 
CHARACTERISTICS 


ARC CURRENT 


The phenomena immediately after this zero must also 
be considered. There has been a generally accepted idea 
that at the end of the last half-cycle of arcing the current 
comes to zero and that no appreciable current flows 
thereafter in the reverse direction. If this were true, the 
phenomena after this instant would be independent of 
the influence of the circuit breaker and would depend 
only on the constants of the circuit. With these condi- 
tions the oscillograms reproduced in Figs. 8 and 6 would 
be typical. However, Figs. 4 and 5 are different and 
could not be produced on these circuits if this assump- 
tion were true. The voltage rise in Fig. 4 is similar to 
the increase in voltage across a resistance in a series 
circuit consisting of a resistance, an inductance, and a 
suddenly applied emf. If a variable and rapidly in- 
creasing resistance is assumed, then the voltage phe- 
nomena are even more similar. Moreover, if a capacity 
is added in parallel with the variable resistance, the 
voltage varies in a manner similar to Fig. 5 also. Since 
the oscillograms are records of the voltage across the 
terminals of the breaker, this rapidly increasing resis- 
tance must be sought within the breaker itself. 
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As has been discussed already, the effective resistance 
of the arc path is a variable and increases rapidly as the 
current approaches zero. In oscillogram 4 the current 
reaches zero at the end of the last half-cycle of arcing 
while the effective resistance of the arc path still is rela- 
tively low. If the resistance continues to increase at 
rates comparable to those at which it was increasing 
prior to current zero, it has characteristics which permit. 
of the passage of sufficient current to modify the voltage 
phenomena. Moreover, the resistance increases so rap- 
idly that the current ceases to increase in a few micro- 
seconds and is reduced to zero without the arc restriking. 

A very useful conception, advanced by Doctor 
Slepian, is that the increase in dielectric strength be- 
tween the contacts must be more rapid than the in- 
crease in voltage across the breaker if the arc is to be 
extinguished.! This generally has been interpreted to 
mean that no appreciable current flows after the current. 
reaches zero unless a complete breakdown into an are 
occurs and another half-cycle of power current flows. 
This, of course, is not in agreement with the oscillo- 
grams which indicate that relatively large currents may 
flow for a few microseconds. The more recent definition 
recognizes the possibility of this current flowing. Doctor 
Slepian has defined*—“‘the dielectric strength or break- 
down voltage at any particular instant as that particu- 
lar voltage which, if it were suddently applied, would 
cause the resistance of the arc space to stop increasing, 
and such that if a larger voltage were suddenly applied, 
the resistance would decrease.” 

The are extinction still can be considered as a race 
between the dielectric strength and the recovery volt- 
age but, with the.condition of current flowing during the 
time of voltage rise, the two are not independent since 
the current that flows retards the deionization and in- 
crease of resistance, and also modifies the rate of rise of 
the recovery voltage. The phenomena of arc extinction 
in a circuit breaker, as typified by these 4 oscillograms, 
can all be explained by a deionizing action that starts to 
be effective before the current reaches zero and which 
increases continuously the effective resistance of the 
are space. This effective resistance may become infinite 
before the current in the main part of the circuit be- 
comes zero and the result is similar to the operation 
shown in Fig. 6. It may become infinite at approxi- 
mately the same time as the current in the main part of 
the circuit becomes zero and the result is similar to the 
operation shown in Fig. 3. If, however, the are space 
still has a relatively low resistance at this time, the cur- 
rent will reverse and flow for a very short time giving an 
operation similar to that shown in Fig. 5 or for a longer 
time with an operation similar to Fig. 4. However, if the 
current flowing after the zero becomes too great the rate 
of ionization will exceed the rate of deionization, the 
conductivity will increase and the are will restrike for 
another half-cycle. The are extinction phenomenon is, 
therefore, a process of deionization, the important part 
of which may extend over a period from about 1 
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microseconds before the zero of current to about 100 
microseconds after the zero, with the critical time in 
most cases occurring within a few microseconds of the 
zero. The factors controlling it are the rate of decrease 
of current, the rate of deionization, the circuit constants 
and the generated voltage. 


ANALYSES OF OSCILLOGRAMS 


The exact relation which exists between voltage, cur- 
rent, effective resistance and time can best be studied by 
making detailed analyses of oscillograms. Since the 4 
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’ Fig. 8—ANALYSIS OF THE OSCILLOGRAM IN Fiea. 3 


reproduced in Figs. 3 to 6 are typical, they are used to 
demonstrate the salient points. 

The oscillogram shown in Fig. 3 is plotted in Fig. 8 
from careful measurements. The current flowing in the 
are isdetermined when the rate of change of current and 


the time of zero current in the are are known. These can 


be calculated from the records in the following manner. 
The rate of decrease of the current flowing in the arc can 
be found from the magnetic oscillogram and from the 
relation 


raean p (1) 
Where e = the voltage drop across the inductance of 
the circuit. 


L = the magnitude of the inductance. 


The instant at which the current reaches zero can be 
determined in the following way from the cathode ray 
oscillogram. Since the voltage prior to the negative 
peak is rising steadily-but less rapidly than it decreases 
after the peak,the current still is flowing through the 
breaker up to the time of the negative peak. Moreover, 
since the oscillations after the negative peak can be 


broken down into 3 damped sinusoidal waves with fre- 
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quencies of 91,000 cycles per second, 39,600 cycles per 
second and 10,100 cycles per second, having the start 
of these oscillations coinciding with the negative peak 
of voltage, the current is not flowing for any appreciable 
interval of time after the negative peak of voltage. 
Therefore, the zero of current in the are corresponds 
closely with the negative peak of voltage and the curve 
of current is determined for this case. The effective re- 
sistance at any instant is the quotient of the voltage 
divided by the current and these values are plotted, to 
a logarithmic scale. 

This oscillogram is rather unusual in that the nega- 
tive peak of are voltage is very high, 15,200 volts, Fig. 3. 
The high are voltage during the last half cycle increased 
the rate of change of current so that the extinction took 
place with the relatively low instantaneous generated 
voltage of 3,900 volts corresponding to a power factor 
of 90 percent. Even with this condition, the rate of rise 
of recovery voltage was 2,080 volts per microsecond. As 
the current during the short circuit was limited only by 
the breaker and the reactance of the generator and re- 
actors, the power factor of the circuit was actually 10 
per cent or less. 
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Fig. 9—ANALYSIS OF THE OSCILLOGRAM IN Fic. 4 


The oscillogram of Fig. 4 is copied in Fig. 9. Since 
the are voltage approaches zero without havinga nega- 
tive peak, the characteristics are similar to curve C of 
Fig. 7, the are space is conducting at the time of zero 
voltage, and the current and voltage become zero simul- 
taneously. The rate of change of current is determined 
from the magnetic oscillogram and the constants of the 
circuit as in the previous case. The effect of the ca- 
pacity in parallel with the breaker should be considered 
in this oscillogram although it has been neglected in the 
first as it does not appreciably change that result. The 
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discharge of this electrostatic capacity increases the 
current in the are by causing a current which is propor- 
tional to the magnitude of the capacity and the rate of 
change of voltage. This current is plotted as 7, in Fig. 9. 
The are current, 7., can now be plotted as the sum of 
7;, the current flowing through the generator and reac- 
tors, and 7,. As the conductivity of the arc space is 
relatively high at this time, the rapidly rising voltage 
starts the current in the reverse direction without per- 
ceptible pause. 
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Fig. 1O—ANALYSIS OF THE OSCILLOGRAM IN Fic. 5 


The effective resistance of the arc has been increasing 
but is only about 90 ohms at the time of zero voltage. 
By using the formula (1) for currents after as well as be- 
fore zero and by making an allowance for the damping 
of the circuit, the current 72; after the voltage goes 
through zero can be plotted and appears as shown in 
Fig. 9. From this the current 7, and the effective re- 
sistance can be plotted. It is interesting to note that 
the current that flows in the are space during the 
transient after zero reaches a maximum of about 30 
amperes. 

Fig. 5 has been plotted in Fig. 10 and the currents 
and resistance calculated as for Fig. 9. In this case, the 
current in the breaker after the zero of voltage reaches a 
magnitude of 12 amperes but decreases rapidly to zero. 

These 3 oscillograms are for approximately the same 
currents and voltages so they can be compared directly. 
In Fig. 8 the resistance increases from 30 to 300 ohms 
in 40 microseconds, during which time the current de- 
creases from 360 amperes to approximately zero. In 
Fig. 9 the resistance changes over the same range in 
approximately 62 microseconds with an average current 
of about 30 amperes flowing which indicates a much 
slower rate of deionization. In Fig. 10 the resistance 
changes over this range in about 52 microseconds with 
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an average current of about 30 amperes, but the value 
at the time of zero voltage is somewhat higher than for 
Fig. 9 and the increase is more rapid above 300 ohms. 

Fig. 11 is made from the oscillogram of Fig. 6 with the 
currents calculated as in the preceding cases. Since this 
is a 330-ampere, 44-kv test, the arc is longer and the re- 
sistance higher than in the other oscillograms. At time 

= 145 microseconds the resistance is 1,100 ohms and 
the current about 10 amperes. At this point, the arc is 
extinguished suddenly and the voltage across the breaker 
terminals rises as the electromagnetic energy in the cir- 
cuit becomes electrostatic. This is the beginning of the 
sinusoidal transient. No current of any appreciable 
magnitude flows through the breaker after the arc is 
extinguished. 


DISCUSSION OF RESULTS 


From the preceding analyses, it is evident that these 4 
oscillograms having transients varying in form from 
complicated waves composed of 3 sinusoidal oscillations 
to simple, approximately logarithmic, curves and vary- 
ing in magnitude over wide ranges even with the same 
circuit conditions, are in general aspects similar and 
comparable. In each case, during the last half-cycle of 
arcing, the effective resistance of the arc space is in- 
creasing rapidly as the current decreases. The rate at 
which it changes depends on the rate of decrease of the 
ionizing activity and the strength of the deionizing 
activity. 
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Fig. 11—AwNatysis oF THE OSCILLOGRAM IN Fa. 6 


The character of the transient is determined by the 
magnitude and rate of change of the effective resistance. — 
If itis high and increases rapidly, the current after 
reaching a small value may suddenly cease flowing — 
through the are before the current in the rest of the cir- 
cuit becomes zero. In such a case the electromagneti 
energy in the circuit changes to electrostatic energy b 
raising sinusoidally the potential across the capacity i 
parallel with the breaker, thereby causing the zero 
voltage to occur several microseconds after the zero 0 
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are current. In other oscillograms the effective resis- 
tance becomes high as the are current approaches zero 
but the arc exists up to the time of the voltage peak, 
which is approached in an irregular line. In those cases 
that have relatively low effective resistances at the time 
of zero current, the are voltage prior to the zero becomes 
smooth and has little or no peak. The voltage and cur- 
rent reverse directions simultaneously. Analyses of os- 
cillograms from a long period of testing indicate that 
the current after the zero can reach values up to 30 
amperes and that these currents can modify the trans- 
sients and reduce the rate of rise of recovery voltage in 
some cases to a fraction of what it would have been had 
no current flowed after zero. In still other cases in which 
the circuit characteristics normally would cause a low 
rate of rise, the current drawn by the breaker has little 
effect on the voltage. 

It has been shown many times’-” that the severity 
of the interrupting duty imposed on a circuit breaker 
varies with the circuit characteristics. However, the 
rate of rise of recovery voltage can not be used in all 
cases as a criterion of the circuit characteristics, since 
it has been shown that the breaker can modify this 
value. Moreover, this reduction in the rate of rise of 
recovery voltage does not make the circuit easier to 
interrupt. In fact, the oscillograms show that the 
breaker producing this effect actually is carrying ap- 
preciable current which is retarding the deionization of 
the are space, and that this current, if it becomes too 
large, will cause reignition of the are. A breaker, which 
has a weak deionizing action and passes current so as to 
reduce appreciably the rate of rise of recovery voltage, 
is not being subject to light duty but actually is operat- 
ing in a range where its ability to interrupt the circuit is 
rather uncertain. 

With the rate of rise of recovery voltage a function of 
both the circuit and the circuit breaker, the conclusion 
may be drawn that until much more experimental data 
are collected and analyzed to show the relations which 
exist for various types of circuit breakers, any attempt 
to specify the rates of rise of recovery voltage to which 
breakers are to be subjected on test, or any attempt to 
make quantitative comparisons between different con- 
ditions of test is futile. 


i CONCLUSIONS 


In conclusion, these results may be summarized in 
the following statements: 


1. Arc extinction depends on the deionization which 
takes place both before and after the current zero. 


2. The effective resistance of the are space increases 
in a curve which is a function of the rate of deionization. 


3. The effective resistance may become several 
thousand ohms several microseconds before or after the 
zero of voltage. 


4. The rate of rise of recovery voltage is a function 
not only of the circuit but also of the circuit breaker. 


« 
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5. The specifying of certain rates of rise of recovery 
voltage for circuit breaker testing is not advisable at the 
present time. 


This paper has presented some of the interesting cir- 
cuit breaker phenomena which it has been possible to 
study by means of the cathode ray oscillograph. The 
subject has not been exhausted and it is believed that 
the continuation of the work will lead to a better under- 
standing of the effects of circuit characteristics on circuit 
breaker operation. 
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Discussion 


J. B. MacNeill: The paper presented by Messrs. Van Sickle 
and Berkey is the result of research work on the effect of restored 
voltage characteristics upon circuit breaker action. With the 
increased knowledge of restored voltage conditions, the sugges- 
tion has seriously been made that this factor should be taken into 
account in each application of high voltage oil cireuit breakers. 
It is known that the rates of voltage restoration vary from low 
values, say, 150 volts per microsecond, up to as high as 4,000 
volts per microsecond on commercial circuits, and that certain 
freak circuits may go even higher. 

Investigation has shown, however, that modern circuit inter- 
rupters minimize the effect of this wide range of restored voltage 
upon the breaker action, and that the time of arcing does not 
inerease to any such extent as does the rate of voltage recovery. 
Furthermore, it has been found that the circuit breaker con- 
struction itself affects radically the rate of voltage restoration; 
and this discovery, together with an analysis of the reasons 
therefore, is the principal contribution of the Van Sickle-Berkey 
paper, made possible by the improved cathode ray oscillograph 
they describe. 
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Since modern improved circuit breakers minimize the effect of 
voltage recovery in their action, and since it is reasonable to 
make circuit breakers that will take care of conditions encountered 
in service without added cost, it seems undesirable to introduce 
this factor into every day circuit breaker application. It is 
recommended, therefore, that the manufacturers give their 
customers the necessary assurance that their equipment will meet 
the required conditions without introducing complicated caleu- 
lations that are of doubtful value in applications. For the future 
it will be obvious that more must be known of this subject; and 
that the manufacturers will wish to adapt their designs, where 
necessary, so that efficient circuit interruption may be accom- 
panied by breaker action as beneficial as possible on the restored 
voltage characteristics of the system. 

D. C. Prince: This paper presents observations made by the 
aid of the cathode ray oscillograph with rotating film. With this 
arrangement, the spread of the time axis is limited by the maxi- 
mum possible film speed. Mechanical contactors mounted on 
the shaft of a synchronous motor provide for a sequence of oscil- 
lograph and circuit breaker operation that gives the desired 
oscillograph record. The long moving film makes it possible to 
record the operation of plain-break oil circuit breakers that are 
for an indeterminate number of half cycles. Similarly, the mov- 
ing film method appears to be advantageous in observing a 
circuit breaker that has a high are drop prior to the current zero, 
where there is no sharp transition between are voltage and re- 
covery voltage which can be used for tripping purposes. 

As a result of the observations that have been made by the 
use of this instrument, the authors. have concluded that circuit 
breakers may influence recovery rates to such an extent that 
circuit recovery rates can not be incorporated in circuit breaker 
standards. Most of the data shown apply to plain break oil 
circuit breakers that notoriously are erratic in performance and 
are at the same time known to be sensitive to circuit recovery 
rate conditions. The modification produced in the circuit re- 
covery rates by these breakers is due to their attempting to clear 
the circuit at times other than the normal current zero, or to 
conduction of small currents without a complete breakdown of 
the dielectric. These characteristics tend to produce distress in 
the circuit breaker as it is required to absorb energy normally 
stored in the electric circuit. 

The single film showing the operation of a deion grid circuit 
breaker shows no indications that current flowed after the cur- 
rent zero at which current interruption occurred. The form of 
the recovery voltage oscillation appears quite normal and does 
not seem to have been influenced by the breaker characteristics, 
except that due to the rather high are drop just prior to the cur- 
rent zero, the amplitude of the oscillations is considerably larger 
than it would otherwise have been. 

For comparison with these records, attention is called to the 
cathode ray films shown by Messrs. R. M. Spurek and H. E. 
Strang.! In these records no appreciable are drop appears prior 
to the current zero at which interruption occurred and it was 
therefore possible to trip the cathode ray oscillograph by the 
recovery voltage itself. No appreciable current flowed subse- 
quent to the current zero at which the circuit was cleared so that 
the oscillations produced in the circuit decayed in an entirely 
normal manner as though not influenced by the breaker, and by 
the same token, the circuit breaker itself had to absorb no losses. 

The data taken at the Philo tests showed substantially 2 to 1 
variation in are length with recovery voltage variation of 10 to 1. 
That is, although the variation in are length is not proportional 
to the recovery rate, there is a pronounced variation in are 
length with recovery rate. 


In the tests on the Northern States Power System conducted 
in 1925 and reported by Messrs. Park and Skeats in Philadelphia, 
October, 1930, a change in are length of 4 to 1 with recovery rate 


1. Circuit Breaker Field Tests, A.J.E.E. Trans., June 1931, p. 513. 
2. Circuit Breaker Recovery Voltages, A.1.E.E. Trans., March 1931, p. 204. 
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was noted. One circuit breaker cleared the low recovery rate 
current and held over the end of its stroke and failed to clear the 
high recovery rate. The proper conclusion would seem to be 
therefore, that some minimum recovery rate requirements should 
be established as part of circuit breaker standards. These mini- 
mum requirements would guarantee the users against fair weather 
circuit breakers, that is, circuit breakers that can be depended 
upon to do their work only under easy conditions and which fail 
as soon as they are called upon to perform in serious emergency 
service. The recovery rate employed should be that provided 
by the attached circuit. Such a value is determinable by caleu- 
lation and is not altered by indeterminate vagaries of the attached 
circuit breaker. It would seem a pity if the oldest known form 
of oil circuit breaker should be allowed to defeat such an advance 
in standardization merely by virtue of its own eccentricities. It 
is felt that positive modern types of oil circuit breakers will pro- 
vide consistent records of operation. In any case, it should be 
possible to standardize minimum circuit recovery rates, the 
handling of which a purchaser is entitled to expect in the circuit 
breaker which he buys. 

H. P. St. Clair: The subject of rate of rise of recovery voltage 
and its effect on circuit breaker performance is one of great 
interest and importance at the present time, and it is very 
gratifying to find that manufacturers are devoting their research 
facilities to further intensive investigations such as that described 
by the authors. This paper provides another definite contribu- 
tion to our total knowledge of the subject, as it has been demon- 
strated for the first time that the recovery voltage rate may be 
affected by the circuit breaker itself. This affords a new and 
important angle to the entire subject and we are glad that the 
investigation is to continue with the prospect of obtaining further 
data along the same lines. : 

To some of us, however, particularly in connection with the 
Association of Edison Illuminating Companies committee now 
engaged in the study of oil circuit breaker testing it is disap- 
pointing to note the authors’ conclusion to the effect that in 
view of this demonstration, we must abandon all immediate 
efforts toward working out even tentative specifications or prac- 
tices as regards the rates of rise of recovery voltage to be used in 
testing breakers. Furthermore, we are not so sure that such a 
conclusion is justified. While the authors have shown that there 
may be a variation as great as 12 to 1 in the observed rate of rise 
of recovery voltage under the same circuit conditions, depending 
upon the type of breaker used, at the same time it is apparent 
also, and so stated in the paper that a breaker that appreciably 
reduces the rate of rise of recovery voltage is one with a weak 
deionizing action and is operating close to the border line of its 
ability to interrupt the circuit. 

It seems to us therefore that in the case of modern breakers 
using efficient arc-extinguishing devices and principles, the rate 
of rise of recovery voltage on any given circuit will not vary 
greatly and will not be appreciably reduced. In fact, it seems to 
be true that a reduction in the recovery rate caused by the 
breaker itself should be considered a definite indication of in- 
competent performance on the part of the breaker. On this basis 
we firmly believe that tentative specifications or practices should 
be worked out, covering minimum values of recovery rates to 
be used in designing and testing breakers. 


To this end it is to be hoped that other manufacturers will 
conduct similar investigations to determine the performance of 
their particular designs as regards the possible reduction of rate 
of rise of recovery voltage by the breaker itself. 


J.Slepian: The application of the cathode ray oscillograph by — 
the authors to the study of a-c ares in oil circuit breakers has le 
to interesting and important results, as the conclusions given in 
the paper well show. They bring to us most forcibly that th 
picture we have been using in describing the extinction of an a- 
are at current zero has been over-simplified. In this picture 
assumed that the are space prior to current zero was of the natu: 
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of a conductor with relatively low resistance and that subsequent 
to current zero it was of the nature of an insulator with a negli- 
gible leakage and with a dielectric strength growing rapidly from 
a very low value at the moment of current zero to a value sur- 
passing that of the circuit voltage if the are was not reignited. 
This simple picture was useful. It brought attention to the 
important part played by the transient characteristic of the cir- 
cuit in the extinction process, although it led also to the erroneous 
conclusion that the transient did not begin until the current 
zero, and that the transient ran its course determined entirely 
by external circuit constants unless the are was reignited in which 
case it ran its own independent course until the dielectric space 
broke down. But the oscillogram of Fig. 6 shows that in a circuit 
having considerable electrostatic capacity the are space may be- 
come a fairly good dielectric even before the zero of the main 
eurrent, and the oscillogram of Fig. 7 shows that the are space 
after current zero may be a sufficiently good conductor to greatly 
modify the transient characteristic of the circuit. 


Abandon the simple picture, and we may say that the are 
space changes not from conductor to insulator with growing 
dielectric strength, precisely at current zero, but that it changes 
in a continuous manner from conductor to very leaky insulator 
with low dielectric strength, to less leaky insulator with higher 
dielectric strength and so on until the state of good insulator is 
reached. The dielectric strength will begin to develop before the 
eurrent zero, although usually the leakage will be great enough 
to carry the diminishing current without overstressing the space. 
The discontinuity in the nature of the are space at current zero, 
required by the simple theory and which we should have recog- 
nized as a weakness, is now éliminated. 


Other evidence that the are space possesses dielectric strength 
before current zero is given in the writer’s paper in Electrotechnik 
und Maschinenbau of April 1933. This dielectric strength must 
not be confused with the are voltage. Where the current is 
decreasing, however, as at the end of one-half cycle, we may be 
sure that the dielectric strength is greater than the momentary 
are voltage. Hence, in Fig. 3, we may be sure that even prior 
to the current zero the are space had a dielectric strength greater 
than 15,000 volts, a surprisingly large figure in the light of the 
simple theory. Similarly the leakage of 30 amperes subsequent 
to current zero as shown in Fig. 9 is surprisingly large. 


The almost complete suppression of the current in the are prior 
to the zero of the main current for a capacitative circuit as shown 
in Fig. 6 reminds one of the “‘are failure’’ prior to current zero 
discovered by Attwood, Dow and Krausnick® in their research 
with the cathode ray oscillograph on the short a-c are with copper 
electrodes in air. However, it seems quite certain that the two 


' phenomena are quite different in their nature. Messrs. Dow, 


Attwood, and Timoshenko in their paper (see page 926 of this 
issue) show quite conclusively that their are failure is due to the 
sudden substitution of a glow cathode for an are cathode prior 
to current zero. But at high pressures a glow cathode can account 
for only a few hundred volts, whereas the voltage which Van 
Sickle and Berkey observe starts at 5 kilovolts and rises to 20 
kilovolts. The writer suggests as explanation the rupturing of the 
last current carrying filament by the turbulent gas blast. The 
electrostatic capacity of the circuit permits the ends of the broken 
filament to separate far enough to bear the growing voltage. 


The application of the cathode ray oscillograph to a-c are 
extinction phenomena by the authors has certainly proved its 
great value, and it is to be hoped that they and others will con- 
tinue this study for other types of breakers and ranges of power. 

W. F. Skeats: While it has been appreciated for some time 
that a deviation from what was considered ideal circuit breaker 
behavior prior to current zero would produce some changes in 
the magnitude of the recovery voltage oscillations, the authors 
have made a new contribution in showing that sufficient current 
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may be passed by the breaker after the “‘final’’ current zero to 
modify appreciably the recovery characteristic of the circuit. 

It seems reasonable that this phenomenon should be more 
noticeable in plain-break breakers with their long are lengths and 
relatively unconfined are cross-sections than in the more modern 
breakers with their shorter are lengths and restricted sections, as 
the greater volume of conducting material allows a greater 
absorption of energy without breakdown. As will be shown, 
the records which we have on oil-blast circuit breakers confirm 
this hypothesis, and the same is true of the data presented by the 
authors. 

Interesting cathode ray oscillograms were obtained in con- 
nection with oil circuit breaker tests made at the Richmond 
plant of the Philadelphia Electric Company on February 26, 
1933. Oscillating frequencies of about 200,000 cycles were antici- 
pated, and it was desired to spread each oscillation out over at 
least one-tenth of an inch. This involved a film or sweep speed 
of about 1,700 ft per second which is out of the question for a 
revolving drum. At the same time, it was particularly desired to 
obtain a record of the early part of the voltage recovery, so that 
tripping on recovery voltage itself did not seem attractive. 
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Fig. 1—Recovery VoLTaGE CHARACTERISTICS WITH REACTOR 
LocateD CLoseE TO BREAKER 


The scheme used accomplished the timing in 2 steps. The first 
step took advantage of the extreme uniformity in the performance 
of the oil-blast circuit breaker as regards are length. An auxiliary 
contact operated from the operating rod of the breaker was set 
to close the contacts of a high speed relay during the last ex- 
pected half cycle of current flow. Although a few years ago this 
procedure would have been quite absurd, the oil-blast breaker 
was so consistent in its performance that the correct half cycle 
was selected on 8 of 9 CO tests. 

But it was not sufficient merely to select the correct half cycle; 
a second step was required, giving notice within a fraction of a 
millisecond when the current zero was about to occur. This 
function was performed by a special current transformer with a 
secondary winding open-circuited. A voltage surge appeared 
across the secondary terminals on this transformer, starting at 
the desired length of time before the current zero, and this surge 
was used to trip the cathode ray oscillograph. 

Two of the oscillograms obtained are shown in Fig. 1. These 
were obtained on a circuit in which a current limiting reactor was 
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placed close to the breaker and a powerful circuit connected be- 
hind the reactor. This type of circuit results in a comparatively 
high amplitude oscillation at high frequency. In this case, 
2 frequencies were observed, at approximately 190,000 cycles 
and 160,000 cycles, resulting in a beat phenomenon. Superim- 
posed on these oscillations is a logarithmie curve arising from 
the circuit behind the reactors, which consisted of generators at 
the local station and a few miles of cable from a neighboring 
station. Reflections from the far end of the cable also are plainly 
discernible. 

These oscillograms offer an excellent basis for the detection of 
any current flow after the apparent current zero. Recovery 
voltage is applied very rapidly so as to make the most of any 
conduction that does occur. Furthermore, due to the low value 
of capacitance involved in the high frequency oscillation, the 
energy involved also is low, and hence a small loss can readily be 
detected. A careful analysis of these oscillograms indicates a 3 
per cent reduction in recovery rate in the case of the lower record 
and a 20 per cent reduction in the case of the upper record. A 
comparison of the 2 figures indicates that what loss occurs takes 
place before the voltage crosses the zero axis and thus does not 
constitute conduction in the reverse direction. 

It must be borne in mind that with the tremendous possible 
range of variation in recovery rates, a reduction of 20 per cent is 
comparatively insignificant. 

The writer finds it necessary to disagree directly with one of 
the authors’ conclusions: that it is futile at the present time to 
specify recovery rates in connection with circuit breaker tests. 
The fact still remains that there is such a thing as a system 
characteristic that may be defined as the curve which would be 
obtained with an ideal breaker and which has a definite bearing 
on circuit breaker performance. Moreover, if the performances of 
2 or more breakers are to be compared, it should be on the basis 
of the system characteristic rather than the recovery voltage 
curves actually obtained. Thus the only deterrent which the 
authors have brought forward is the fact that this characteristic 
cannot always be measured in the process of testing. This is 
unfortunate, but hardly of sufficient importance to warrant 
taking no recognition of recovery phenomena, particularly as, in 
the case of modern breakers, the difficulties tend to become 
negligible or disappear altogether. 

R. C. Van Sickle: In order to eliminate incorrect and unfair 
comparisons of test results, and to assure customers that they 
are obtaining adequate breakers, a minimum standard for circuit 
breaker testing circuits would be desirable. However, if such 
standards are to be useful and lasting, they must be based on a 
careful consideration of all factors involved. It was for that 
purpose that this paper pointed out the significance of the 
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various types of transients that appear in laboratory testing. 
By comparing cathode ray oscillograms of test interruptions 
with the typical oscillograms presented in this paper, it is possi- 
ble to judge the performance of the breaker and to state that 
the breaker is operating safely, or that it is struggling to ex- 
tinguish the are. 

A standard based on the natural frequency of the cireuit. 
would eliminate the effect of the breaker. This frequency, if 
calculated, is subject to errors, particularly for the higher values 
for which the magnitudes of inductance and capacity are small, 
and the waves become complicated when 2 or more frequencies 
are superimposed. Hence calculated values should be checked 
by actual measurements with cathode ray oscillograms; but in 
some cases these measured values may be determined partly by 
breaker performance. 

Mr. Prince referred to oscillograms on a 132-ky cireuit and 
the 7.6-ky single-phase oscillograms presented in this paper, to 
compare them with respect to relative are voltages and types of 
transients. ‘Since the ratio of are voltage to restored voltage 
varies with restored voltage, being higher for low voltages, 
better comparisons can be made if the voltages are similar. 

The 132-kv oscillograms can be compared with the 132-kv- 
single phase test reproduced as Fig. 3 of a paper by Van Sickle 
and Leeds presented in 1932+, or with Fig. 6 of the present paper, 
a'44-ky single-phase test. In both of these oscillograms the are 
voltages are very low; and since the negative peaks of are volt- 
age are on the envelope of the transient oscillations, no currents. 
flowed through the breakers to modify the phenomena. 


The three 7,600-volt oscillograms can be compared with the 
oscillograms shown by Mr. Skeats. At these lower voltages, 
high deionizing activity apparently produces relatively high 
peaks of are voltage. 

However, we are not sure that even breakers equipped with 
modern circuit interrupting devices always extinguish the are 
without permitting some leakage current and producing some 
modification of the transient. For instance on the oscillograms 
shown by Mr. Prince it is possible to draw an envelope of the 
transient oscillations of the 600 volts per microsecond test so. 
that the envelope includes the negative peak of voltage. Evi- 
dently no leakage current flowed. However, for the test at 2,400 
volts per microsecond we are by no means sure that an envelope: 
can be drawn to include this negative peak of voltage. 

More data at various voltages and currents are needed for 
each type of interrupter before general conclusions can be drawn, 
and we believe that these data should be available before 
standards are adopted. 


4, A.I.E.E. Trans., March 1932, p. 177. 


Classification of Bridge Methods of Measuring 


Impedances 
BY JOHN G. FERGUSON* 


Member, A.I.E.E. 


Synopsis.—An analysis is made of the requirements for satis- 
factory operation of the simple four-arm bridge when used for 
impedance measurements. The various forms of bridge are classi- 
fied into two major types called the ratio-arm type and the product- 
arm type, based on the location of the fixed impedance arms in the 
bridge. These two types were subdivided further, based on the phase 
relation which exists between the fixed arm impedances. Eight 
practical forms of bridges are given, three of them being duplicate 


INTRODUCTION 


RIDGE methods have been used for the measure- 
ment of impedance from the very beginning of 
alternating current use. In fact, the history of the 

impedance bridge dates back to the earlier bridges 
developed for the measurement of direct current re- 
sistance. While some objection may be raised to this 
method of measurement on the count that it is not direct 
indicating, in the sense that an ammeter or voltmeter 
is, this has been more than offset by the high accuracy 
of which it is capable. Bridge methods of measuring 
impedance have continued accordingly to hold a high 
place in the field of electrical measurements and except 
perhaps at the higher radio frequencies are considered 
supreme for this purpose over the whole frequency 
range, where high accuracy is the principal requirement. 

The peculiar advantages of the bridge method are 
most evident where emphasis is laid on the circuit 
characteristics rather than on power requirements. In 
power engineering it may be more logical to make 
measurements in terms of current, voltage, and power, 
since these are the quantities of immediate interest. In 
communication engineering, however, where design is 
based for the most part on circuit characteristics, and 
_ power considerations are only of secondary interest, it 
is natural that bridge methods, which furnish a direct 
comparison of these circuit characteristics should 
generally be preferred. 


Due to the wide field of usefulness and great flexi- 
bility of the impedance bridge, a very large amount of 
development work has been done and a considerable 
amount of literature has been published covering vari- 
ous types and modifications. In fact, the subject has 
become so broad and the information so voluminous 
that the engineer who has not specialized in the subject 
has every excuse for a feeling of considerable confusion 
when he finds it necessary to make a choice among the 
numerous circuits available. Perhaps the greatest single 
obstacle to a still more extensive use of the impedance 


*Bell Telephone Laboratories, New York, N. Y. 
Presented at the summer convention of the A.I.E.E., Chicago, 
Illinois, June 26-30, 1933. 


forms from the standpoint of the method of measuring impedance. 
These bridges together allow the measurement of any type of im- 
pedance in terms of practically any type of adjustable standard. 
The use of partial substitution methods and of resonance methods 
with these bridges 1s discussed and several methods of operation are 
described which show their flexibility in the measurement of 
impedance. 


bridge in industry is this very multiplicity of types com- 
bined with a rather complete lack of any practical guide 
for the engineer who is interested principally in the 
measurement itself and looks on the bridge simply as a 
means to this end. 

Very little information is available as to the relative 
merits of the various types of bridges, the great majority 
of published articles being confined to a description of a 
particular circuit used by the author for a particular 
purpose. 

The present article furnishes a comparison of the 
relative merits of the large number of circuits which are 
available for making the same measurement and should 
serve as a guide to the engineer who is more interested in 
results than in acquiring a broad education in bridge 
measurements. An outline is given of the fundamental 
requirements which must be met by bridges used for 
impedance measurements, and a classification is made 
which serves as a help in the choice of a bridge for any 
particular type of measurement. The relative merits of 
the simpler types of bridge are discussed from the stand- 
point of the measurement of both components of an 
impedance, particularly with reference to measurements 
in the communication range of frequencies from about 
100 to 1,000,000 cycles. Where only the major com- 
ponent of an impedance is desired, for instance where 
only the inductance of a coil or the capacitance of a 
condenser is desired, the requirements are not so severe 
and many forms of bridges may be used which are not 
suitable for the purpose here outlined. Bridges are also 
used to a large extent for other purposes than impedance 
measurements, such as for frequency measurements. 
These applications will not be considered here. 


THE GENERAL BRIDGE NETWORK 


Any bridge may be considered as a network consisting 
of a number of impedances which may be so adjusted 
that when a potential difference is applied at two junc- 
tion points, the potential across two other junction 
points will be zero. For this condition, there are rela- 
tions between certain of the impedances which enable 
us to evaluate one of them in terms of the others. Thus 
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the bridge is essentially a method of comparing im- 
pedances. The impedances of the bridge may consist 
of resistance, capacitance, self- and mutual-inductance, 
in any combinations, and they may actually form a 
much more complicated network than the simple circuit 
shown in Fig. 1. Consequently, the number of different 
bridges which can be devised for the measurement of 
impedances is extremely large. However, since only 4 
junction points are significant, any bridge circuit may 
be reduced to a network of 6 impedances connected be- 
tween these 4 points, as shown in Fig. 1. These im- 
pedances are direct impedances, that is, there are no 
mutual impedances.between them. 


If a potential is applied at BD and the balance con- 
dition is that the potential be zero across AC, then the 
points BD are called the input or power source termi- 
nals and the points AC are called the output or detector 
terminals. The impedances Zgp and Zac then act sim- 
ply as shunts across the power source and detector 
respectively and do not affect the balance relation. 
The balance is not affected if the power source and de- 


Zep 
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tector are interchanged in a bridge reduced to this 
simple form and hereafter no distinction will be made 
in this respect. 


After the bridge has been reduced to the form of 
Fig. 1, the equation for balance is 


ZovZaB = ZscZap 
from which 


ZxcZ av 


Zop = 
CD VRS 


(1) 

Thus, if Zcp is the unknown impedance, equation (1) 
evaluates it in terms of the other three impedances. 
Equation (1) is a vector equation and therefore the 
value of Zep both in magnitude and phase, or both 
components of it when considered as a complex quan- 
tity, may be obtained from this equation. 


Although the above equations and subsequent dis- 
cussion are based primarily on the use of impedances, 
it should be remembered that all of these relations may 
be obtained in the same general form if the bridge arms 
are considered as admittances. 
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THE BRIDGE REQUIREMENTS 


If the impedances of equation (1) are replaced by 
the complex equivalents R + 7X, then 


(Rec +7Xpc) (Rap + 7Xap) 
Ras +7Xap 


From this equation Rep and Xcp may be evaluated in 
terms of the other 6 quantities. Thus, if each com- 
ponent of the impedances of 3 arms is known, each com- 
ponent of the fourth impedance in terms of the other 6 
components can be determined. 

In obtaining the balance, any or all of the 6 com- 
ponent impedances occurring in the right hand side of 
equation (2) may be adjusted. Since there are two un- 
known quantities to be determined, at least two of these 
components must be adjusted. From the standpoint 
of simplicity and speed in operation and in order to 
keep the cost of the circuit to a minimum, it is desirable 
that not more than two of the known components be 
adjustable. It is also essential that the choice be such 
that a variation of one adjustable standard balance one 
component of the unknown, irrespective of the other 
component. In other words Rcp should be balanced by 
one known standard, this value of the standard being 
independent of the magnitude of Xcp, and, in turn, Xcp 
should be balanced by another standard, the value of 
which should be independent of the magnitude of Rep. 
This condition of independent adjustment for the two 
components is essential for satisfactory operation of the 


Rep + jXcp = (2) 


‘bridge, since it allows the balance to be made more 


rapidly and systematically, and a given setting of one 
standard always corresponds to the same value of one 
component of the unknown, independent of the magni- 
tude of the other component, thus allowing the calibra- 
tion of each of the adjustable standards in terms of the 
unknown component which it measures. 

To meet this requirement, the two components for 
use as-adjustable standards should be so chosen that, 
when equation (2) is reduced to the general form 

Rop +jXcp = A+ 9B (3) 
where A and B are real quantities, one of the adjustable 
impedances will appear in A and not in B, while the 
other will appear in B but not in A. 

Consideration of equation (2) shows that if adjustable 
standards consisting either of both components of Zzc or 
of both components of Zap, are chosen, and if the im- 
pedances of the two remaining arms are selected so that 
their ratio is either real or imaginary, but not complex, 
then equation (2) reduces to the form of equation (3). 
No other combination will meet the requirement taking . 
equation (2) as it stands. Since for the general case © 
there is no essential difference in the resulting type of — 
bridge whether Zap or Zpc is used as our adjustable — 
standard, this means that there is really only one method 
of adjustment, namely the use of both components of 
one adjacent impedance. 

However, if it is realized that parallel components 
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may be used instead of series components for the 
standard, then equation (2) may be rewritten as follows: 


Rev +jXcp = (Ran t+j7Xap)(RsctjXxsc)(Gas—jBas) (4) 
where 


mee 
Zap 


From this it follows that Gaz and Ba, may be used as 
the adjustable standards, by making the product 
Zap Zxc real or imaginary. 

Thus there are two methods of adjustment possible, 
either the two series components of an adjacent arm or 
the two parallel components of the opposite arm. 

Having chosen the adjustable standards, there re- 
main in each case two arms, adjacent in one case and 
opposite in the other, which have fixed values. These 
impedances must meet certain definite requirements, as 
already stated. 

For the case of adjustment by an adjacent arm, that 
is, by Zap, equation (2) may be written in the form 


Gaz — jBas thE c= 


: Zxc 2 

Rep — jXcp = a7 eth (Rap + 9X ap) (5) 
AB 

Then in order that this equation fulfill the requirements 

expressed by equation (3), the vector ratio of the fixed 

arms must either be real or imaginary but not complex, 

that is, the difference between their phase angles must 

be 0 deg, 180 deg or + 90 deg. 

For the case of adjustment by the opposite arm Zs, 
equation (4) may be written in the form 

Rep + jXcp = Zac Zav (Gas — JBas) (6) 

Then in order that this equation fulfill the require- 
ments of equation (3), the vector product of the fixed 
arms must either be real or imaginary, but not com- 
plex, that is, the sum of their phase angles must be 
0 deg, 180 deg, or + 90 deg. 

In the case of bridges of the type indicated by equa- 
tion (5), the fixed arms always enter the balance equa- 
tion as a ratio, and therefore are called ratio arms, the 
bridges of this type being called ratio arm bridges. In 
the case of bridges of the type indicated by equation 
(6), the fixed arms always enter the balance equation as 
a product, and therefore are called product arms, the 
bridges of this type being called product arm bridges. 

These two types may be further sub-divided accord- 
ing to whether the term involving the fixed arms is real 
or imaginary. 

It should be pointed out at this time that the fixed 
arms are fixed in value only to the extent that they are 
not varied during the course of a measurement. They 
may be functions of frequency, and may arbitrarily be 
adjustable to vary the range of the bridge, but they are 
not adjusted in the course of balancing the bridge. 


CLASSIFICATION OF BRIDGE TYPES 


The foregoing discussion shows that all simple four 
arm bridges meeting the requirements specified may be 
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divided into four types. The balance equations of these 
four types may now simply be derived from the general 
equations (2) and (4). 
1. Ratio Arm Type—Ratio Real 

If Zzc/Z az is real, 
Then 

6 = O3c —— Ban = (tye 180° 
That is 
Zec/Zas = Rgc/Rag = Xpc/Xas 
Substituting equation (7) 


(7) 


in equation (5) and 


separating 

ia “apne 3 saps 8) 
and 

Xop = =e = Sahn (9) 


For this type it follows from equations (8) and (9) 
that the components of Zcp are balanced by components 
of Zap of the same phase, that is Rap will balance Rep, 
and X ap will balance Xop. 


2. Ratio Arm Type—Ratio Imaginary 

If Z3c/ZAB is imaginary 
Then 

6 = 63c— Jaz = + 90° 
That is 
Zsc/Zas = JXsc/Ras = — JRzc/Xas (10) 

Substituting equation (10) in equation (5) and 

separating 


For this type it follows from equations (11) and (12) 
that the components of Zcp are balanced by components 
of Zap 90 deg out of phase, that is Xap will balance Rep 
and Rap will balance Xcp. 
8. Product Arm Type—Product Real 

If (ZpcZap) is real 
Then 

A= Oc + Aap = 0° or 180° 

That is 

ZecZap = Zso/Y ap = Rxgc/Gap ue Xpeo/Bap (13) 

Substituting equation (13) in equation (6) 


Gank GanX 
Bop ee 
and 
Bask BupX 
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For this type the components of Zcp are balanced by 
components of Yap of the same phase, that is Gas will 
balance Rep and Bas will balance Xcp. 

4. Product Arm Type—Product Imaginary 

If (ZpcZap) 1s imaginary 


Then 
6 = Oac + Oap = + 90° 
That is 
ZecZap = Zxo/Y ap = jRsc/Bap == jXxnc/Gap (16) 
Substituting equation (16) in equation (6) 
Bs apRsc BupX BC 
CEE URLS ue 
and 
Gankgc GasXBc 
Xcp Zs Bap co Gap ee) 


For this type the components of Zcp are balanced by 
components of Y,xz 90 deg out of phase, that is Bas will 
balance Rep and Gaz will balance Xcp. 

The relations given in these equations are summarized 
in Table I. 


TABLE I—BRIDGE TYPES 


Unknown Adjustable standard 
Ratio arm type Product arm type 
Ratio Product 
Ratio real imaginary Product real imaginary 
R cD R ADs ec cesagtic x ADs scerseces G ABeescsveses B AB 
xX, CD---secesse xX ADs ccc css R ADs scervccee B ABreeesceeee G AB 
*Gop ey8.0 wkele yee) 0:1 Gap siisi(a\eeta\.a) 6fe)ca Bap weceeereee Rap . ._XAaB 
*Bop 0 0b wee © sce Bap -Gan wisieues BMA iCekors: XAB eee ewe wees Raps 


*These values may be derived by using admittances in place of im- 
pedances and vice versa throughout. 


ACTUAL BRIDGE FORMS 


The fixed arms may be made up of simple resistances 
or reactances or of complex impedances provided they 
meet their phase requirements. Since the choice of 
complex impedances has no practical advantages over 
simple reactances or resistances, the choice of fixed 
impedances should obviously be made on the basis of 
the simplest practical type. So they will be limited for 
the present to simple resistance, capacitance, and self- 
inductance. 

Fig. 2 gives all of the combinations of fixed arms 
which meet the phase angle requirements already 
stated, when limited to simple resistance, inductance, 
or capacitance. For all forms, the magnitude of one 
arm is given in terms of the other and of a constant K, 
such that the only term which appears in the balance 
equation is the term K. None of these bridges repre- 
sents a distinctly new type, but since the classification 
is by means of the fixed impedance arms, one of them 
may be used to measure several types of impedance. 
Accordingly it may correspond to more than one of the 
well-known bridge types. For this reason, any refer- 
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ences to, or comparison with existing special types of 
bridge are omitted. 


TABLE II—BALANCE EQUATIONS 


Ratio arm type Product arm type 


@=0 6 = +90° @ = —90° 


Unknown ¢6=0 6 = +90° @ = —90° 
Rep = KRap KLapy K/Capn KGap K/Las’ KCap’ 
Lep = KLap KRap KCa,’ KGap ae 
Cop = KCap 1/KRap KL aps’ Ds 1/KGagzs 
Gop = KGap 1/KLay’ Can’/K Rap/K Lazp/K 1/KCazp 
Len’ = KLapy’ K/Gan Casn/K K/Raz ue 
Cop’ = KCan’ Gan/K Be Las/K oie Ras/K 

Figures 2A 2D 2E 2H 2J* 2K 

RTigile 2B 2F* 2G* PAE 

2C 


R, Land C = series components of complex arms, 
G, L, and C’ = parallel components of complex arms. 
K has the value indicated on the individual circuits of Fig 2. 
6 = 048 — 9xc for ratio arm type 
= O0ap + Ogc for product arm type 


*These forms are not practical. 


Table II gives the balance equations for each type of 
bridge for the measurement of any component of the 
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unknown impedance in terms of resistance, capacitance, 

and inductance. These equations simply are derived — 
from the general equations (8) to (18) by substitution 
of circuit constants for impedances and by the intro- 
duction of the constant K. This constant must be 
evaluated from the relation between the ratio arms or 
product arms shown in the individual bridge forms of 
Fig. 2. At the bottom of Table II are given the co 
sponding bridge figures for reference. This table sho 
no bridges having a phase relation of 180 deg betw 
the fixed arms. A little consideration will show th 
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since the phase relation between the unknown and the 
standard for such bridges must also be 180 deg, they 
cannot be used to measure any but pure reactances or 
negative resistances. Accordingly, they are not con- 
sidered herein. In the case of the 90 deg relation, both 
signs must be considered and result in bridges that are 
complementary with respect to one another, that is 
while one measures only inductive impedances, the 
other measures only capacitive impedances. Thus 
Table II shows the imaginary type subdivided into two 
sub-types, depending on the sign of the angle. 


As an example of the use of this table: Suppose it is 
desired to measure the series resistance and inductance 
of an unknown impedance. This may be done by using 
adjustable standards of series resistance and in- 
ductance, series resistance and capacitance, parallel 
resistance and capacitance, or parallel resistance and 
inductance, by choosing the particular type of bridge 
for the purpose. For instance, referring to Table II, 
if it is desired to measure the series resistance in terms 
of conductance, and the series inductance in terms of 
parallel capacitance, the product arm bridge with real 
ratio, that is, either Fig. 2H or 27, would be used. 


Since there are 6 types of balance equations given in 
Table II, it follows that 5 of the circuits of Fig. 2 are 
duplicates of others from the standpoint of the balance 
equations which they give. For instance, there is no 
difference whatever in the theoretical operation of the 
bridges of Figs. 2A, 2B, and 2C. The choice must be 
determined entirely from other considerations. In 
the same way, as indicated by the figures tabulated in 
Table II, Figs. 2D and 2F give identical results as do 
Figs. 2 and 2G, and Figs. 2H and2/. From the practi- 
cal standpoint, there may be, and actually there is, 
considerable difference in the merits of these different 
forms. At this time, we may simply state that where a 
choice is possible, resistance is the preferred form of 
fixed arm and capacitance is preferred to inductance. 
This allows us to choose our preferred forms as Fig. 2A, 
Fig. 2D, Fig. 2H, and Fig. 2H. 

A study of Table II shows that bridges of fixed ratio 
arm type always measure the series components of the 
unknown in terms of series components of the standard 
and, conversely, they measure the parallel components 
in terms of parallel components of the standard. 
Bridges of product arm type measure the series com- 
ponent of the unknown in terms of parallel components 
of the standard and conversely. 


None of the balance equations of Table II includes 
frequency, that is, all of them allow the evaluation of 
each component of the unknown directly in terms of a 
corresponding component of the standard with the 
exception that in some cases the relation is a reciprocal 
one. Practically any form of standard maybe chosen 
in order to measure a given type of unknown 
impedance. 
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PRACTICAL CONSIDERATIONS 


So far the question whether the requirements for the 
fixed arm impedances given in Fig. 2 can be met in 
practise has not been considered. It may be well to 
point out that the performance of the bridgeis determined 
very much by the degree to which the phase angle 
requirements are met. If there is appreciable error here, 
the two balances will not entirely be independent and 
necessary corrections will be complicated and difficult 
to make. Consequently, the first essential for a satis- 
factory bridge is that its fixed arms meet their phase 
angle requirements. For a general purpose bridge these 
requirements must hold independent of frequency at 
least over an appreciable frequency range. 

The forms given in Fig. 2 meet their phase angle 
requirements at all frequencies provided the arms 
actually are pure resistances or reactances. If they have 
residuals associated with them, it is still possible to meet 
the phase angle requirements in most cases, at least over 
a reasonable frequency range, as discussed below. 


Resistances can be made to have practically zero 
phase angle and condensers, particularly air condensers, 
may be made to have phase angles of practically 90 
deg. In the case of condensers having dielectric loss, 
this loss may be kept quite small. However, it takes 
such a form that the phase difference of the condenser 
approximately is independent of frequency. For this 
reason, it can not be represented accurately either as a 
fixed resistance in series with the condenser or as a fixed 
conductance in shunt, when considered over a fre- 
quency range. Due to the small amount of this loss, it 
usually is satisfactory to represent it in either one form 
or the other, whichever is the more convenient. 

In the case of inductance, there is always a quite 
appreciable’ series resistance which, for the usual size 
of coil, can not be neglected and must accordingly be 
corrected for. 

With the above considerations in mind, the forms of 
Fig. 2 may now be reconsidered from the practical 
standpoint. It is readily seen that the requirements of 
the real ratio type bridge can be met using resistances, 
capacitances, or inductances. In the case of the 
imaginary ratio type, the requirements can be met, at 
least very approximately, in the case of Figs. 2D and 
2H. However, in the case of Figs. 2F and 2G, any re- 
sistance in series with the inductance must be corrected 
by a capacitance in series with the resistance, if the 
correction is to be independent of frequency. Since the 
value of this series capacitance will, in general, be large, 
this form of correction is unsatisfactory. For instance, 
for a bridge in which the value of R is 1,000 ohms and 
the inductance has a high time constant, the series 
capacitance required is in the order of 3uf. By using 
a standard of inductance having larger series resistance, 
we may reduce this capacitance, but we then have a 
form of bridge which is, in effect, a compromise be- 
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tween Figs. 2F and 2G, and Figs. 2D and 2H, which has 
no practical advantages over the latter. Accordingly, 
the forms of Figs. 2F and 2G must be considered im- 
practical, particularly as Figs. 2D and 2E give identical 
performance. 

In the case of the product arm type the requirements 
can be met by Fig. 2H and can be met by Fig. 27 by 
adding a conductance in shunt with the capacitance to 
compensate for the series resistance of the inductance. 
However, even though this allows us to meet the re- 
quirement, this form is less satisfactory than that of 
Fig. 2H due to the difficulty of designing an inductance 
standard having inductance and series resistance in- 
variable over an appreciable frequency range. Again 
the requirements can readily be met by Fig. 2K, but 
in the case of Fig. 2J series resistance of the inductance 
can be corrected only by shunting the resistance arm by 
pure inductance, which is impractical. This is unfor- 
tunate since it rules out one form of bridge for which 
there is no duplicate and, consequently, makes the 
measurement of inductive impedances by bridges of 
this type impractical. 

Summarizing the above, practical considerations rule 
out Figs. 2F, 2G, and 2J, reducing to 5 the number of 
different bridge types. There are 8 forms remaining, 
namely 3 of the real ratio type, each capable of giving 
the same performance; 2 of the imaginary ratio type 
which are complementary, together giving a measure- 
ment of inductive and capacitive impedances; one of 
the real product type which will measure all types of 
impedance; and one imaginary product type which is 
capable of measuring only capacitive impedances. 

The only duplicate forms are in the case of the real 
ratio and real product types. In the case of the latter, 
Fig. 2H is to be preferred in practically all cases to 
Fig. 27, as already explained, and thus we can say that, 
practically speaking, we have duplicate forms only in 
the case of the real ratio type. 

The three forms of this type are all used and each has 
certain advantages for certain types of measurements. 
This type of bridge, commonly known as the direct 
comparison type, probably is used more than any 
other, and is one of the most accurate types, particu- 
larly in the special case of equal ratio arms. This is 
due to the fact that a check for equality of the ratio 
arms may readily be made by a method of simple 
reversal without any external measurements, and by 
this means practically all the errors of the bridge may 
be eliminated. Resistance ratio arms are preferable 
for a general purpose bridge because they are more 
readily available and more readily adjusted to meet 
their requirements. They also give an impedance inde- 
pendent of frequency, which usually is desirable. 
Capacitance ratio arms have certain advantages for 
particular cases. They may readily be chosen to give 
high impedance values, this being an advantage in 
certain cases, for instance in the measurement of small 
capacitances at low frequencies. This form also is 
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desirable where high voltages must be used, since the 
ratio arms may be designed to withstand high voltages 
without the dissipation of appreciable energy. It also 
has the advantage that where measurements are de- 
sired with a direct current superimposed on the alter- 
nating current, the direct ‘current automatically is 
excluded from the ratio arms and thus all of the direct 
current applied to the bridge passes through the un- 
known and there is no dissipation due to the direct cur- 
rent in the ratio arms. The impedance of the ratio 
arms decreases as the frequency increases, which 
usually is a disadvantage but may have advantages in 
some cases, such as the measurement of capacitance. 
There may be a disadvantage, in some cases, due to the 
load on the generator being capacitive, thus tending to 
increase the magnitude of the harmonics, and again, in 
the case of the measurement of inductances, there may 
be undesirable resonance effects. 

The inductance ratio arm type has advantages where 
heavy currents must be passed through the bridge, since 
the ratio arms of this type may be designed to carry 
large currents with low dissipation. A modification of 
this type, where there is mutual inductance between 
the ratio arms, gives the advantage of ratio arms of 
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high impedance with a corresponding low impedance 
input. A further modification consists in making the 
ratio arms the secondary of the input transformer, thus 
combining in one coil the functions of ratio arms and 
input transformer. This form, of course, departs from 
the simple four-arm bridge, but is mentioned here due 
to its simplicity and actual practical advantages. 


SUBSTITUTION METHODS 


In any of the bridges discussed and, in fact, in prac- 
tically all bridges, it is possible to evaluate the unknown 
by first obtaining a balance with the unknown in the 
circuit and then substituting for it adjustable standards 
which may be adjusted to rebalance the bridge. This 
is, in general, a very accurate method, eliminating to a 
large degree the necessity for the bridge to meet its 
phase angle requirement. However, in the case of 
complete substitution of standards to balance both 
components of the unknown, the method has no ad- 
vantage except accuracy over the bridges of type 1, 
since standards of the same type as the unknown must 
be used and, in general, this method lacks the flexibility 
of bridges of type 1, obtained by their unequal ratio 
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arms. On the other hand, the use of substitution to 
measure the resistance or conductance component of 
the unknown has many advantages, the principal one 
being that it allows the choice of a type of bridge that 
will give directly the reactance component of the un- 
known in terms of an adjustable resistance and then 
by use of the substitution method to balance the re- 
sistance or conductance of the unknown by means of 
a second adjustable resistance, thus obtaining the ideal 
method of balance, using two adjustable resistances. 


For the purpose of illustration, the case of the mea- 
surement of an inductive impedance may be taken. 
In general, the most desirable method would be to 
balance the reactance by means of series resistance. 
This can be done by means of the bridges of Figs. 2H 
or 2G. Choosing Fig. 2H’ as the preferred form, the 
bridge normally would take the form of Fig. 3A. 

For normal operation, Cap and Rap would be the 
adjustable standards. The series inductance of the 
unknown would be given directly as KRap, while the 


series resistance would be given as This mea- 


Cap ’ 
surement of the series resistance requires an adjustable 
capacitance and a computation due to the reciprocal 
relation. Now suppose a fixed value for Cap were used 
and an adjustable resistance standard Rs placed in 
series with Zx, giving the form of Fig. 3B, in which 
Rap and Rs are the adjustable standards. If terminals 
Zx are short-circuited, the conditions for balance are 


a and Rap = 0. Then the unknown Zx is 
inserted and the bridge rebalanced. The inductance of 
the unknown is given, as for Fig. 3A, as KRap, but since 
Cap is unchanged the total resistance in CD is un- 
changed. Therefore, the series resistance of the un- 
known will be equal to the change in Rs between the 
two balances. 

This bridge circuit may be recognized as the familiar 
bridge due to Owen,! and it is, theoretically at least, 
when used as described, an exceedingly desirable 
bridge for inductance measurements. 

It should be pointed out here that since either Cap 
or Rs may equally well be used to balance Rx, it is not 
necessary to use either one or the other exclusively in 
any one bridge. The adjustments may be combined so 
that the capacitance adjustment will take care of large 
changes and Rg of small changes; that is, Can may be 
used for coarse adjustment and Rs for fine adjustment. 
This compromise is, in general, more satisfactory than 
either method used alone. 

The imaginary product arm type, particularly the 
form of Fig. 2K is also well adapted to modification to 
enable it to measure capacitance and conductance in 
terms of two adjustable resistances. 


ae 


1. D. Owen, Proc. Phys. Soc. London, October, 1914. 
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There is a further modification of the substitution 
method, which is in common use. As already ex- 
plained, there is little practical advantage in the sub- 
stitution method for measuring either inductance or 
capacitance. However, there are occasions where the 
substitution of capacitance for inductance has ad- 
vantages. Since the reactance of one is opposite in 
sign to that of the other, the method might more 
correctly be termed a compensation method, but in 
common with other substitution methods it can be 
made irrespective of the type of bridge. Various modifi- 
cations of the general method may be used, but they 
are all classed under the general head of resonance 
methods. 


RESONANCE METHODS 


If it is desired to measure the inductance of any 
inductive impedance, a capacitance standard may be 
inserted in series with it, and adjusted until the total 
reactance of the combination is zero. The only function 
the bridge performs is to measure the effective re- 
sistance of the combination and to determine the 
condition of zero reactance. Any of the bridges of 
Fig. 2 will do this satisfactorily, but those of real 
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ratio type that is, the simple comparison type, are 
the most satisfactory since they give the resistance 
directly in terms of an adjustable resistance standard. 
This type of bridge usually is termed a series resonance 
bridge. The value of the inductance is computed from 
the resonance formula w?LC =1. It has the dis- 
advantage that it involves the frequency, but it has 
the compensating advantage that the method, being 
essentially a direct measurement of the resistance of 
the resonant circuit, is very accurate for the measure- 
ment of effective resistance. 

The condenser may equally well be shunted across 
the unknown, in which case the bridge circuit is called 
a parallel resonance bridge. However, if the ratio of 
reactance to resistance of the unknown is not high, the 
expression for the series inductance in this case is not 
as simple as that for series resonance, and is not inde- 
pendent of the value of the effective resistance, that is, 
the two adjustments are not independent. 

Fig. 4 shows the forms taken by the CD arm for 
resonance measurements. Fig. 4A is the series resonant 
circuit using an adjustable capacitance standard. Fig. 
AB is the parallel circuit using an adjustable capacitance 
standard. 
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Discussion 


W. B. Kouwenhoven: This paper presents a rather novel 
grouping of impedance bridges. In addition to the impedance 
balance relation, equation (1) of the paper, there exists the phase 
angle balance relation which is 

Gas sir boa = Baa ala Ove 
This relation is very useful in many cases where the power factor 
of a dielectric is in question. 

In any a-c bridge measurement, there are many factors that 
have to be considered. Among these are: the size and character 
of the specimen; the constants desired; the frequency range; 
the required accuracy; the bridge sensitivity; the inherent 
bridge errors; the question of shielding; the power source; and 
others. In some eases these factors lead one to choose a parallel 
arm type of bridge such as the Schering bridge for the work. 
This class of bridge is not discussed in any detail by the author. 

Although impedance bridges usually may be operated as direct 
reading, the use of a substitution method often simplifies the 
work and reduces the errors that may be present. There are 
three classes of substitution methods: 

1. In which the bridge is first balanced with the unknown in 
circuit and then substituting for the unknown an impedance 
whose constants are accurately known. The bridge is now 
balanced by adjusting the known impedance. This method re- 
quires that the known impedance have the same constants as the 
unknown. 

2. In which the bridge is first balanced with a known variable 
impedance in the X arm and then the unknown impedance is 
connected either in series or in parallel with the known variable 
impedance and the latter is then adjusted for balance. 

3. In which the bridge is first balanced with a known fixed 
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impedance in the X arm and then the unknown is connected in 
that arm and the second balance obtained by adjusting the 
impedances of one or more of the variable arms of the bridge. 

The second method generally is the simplest to use and usually 
gives satisfactory results. 

John G. Ferguson: Equation (1) as pointed out in the text 
is a vector equation and therefore includes the relation between 
the vector angles mentioned by Professor Kouwenhoven, as well 
as the relation between their magnitudes. 

The equations derived in the paper are based primarily on 
impedances. However, the relations may be equally well de- 
rived in terms of admittances, and Table II gives the equations 
for each bridge in terms of both parallel and series components. 
The Schering bridge therefore is fully covered. In fact, Figure 
2x represents the Schering bridge in its simplest form if it is 
assumed that Z, consists of the unknown imperfect condenser 
and Z, consists of a standard condenser in parallel with a standard 
conductance. 

The division of substitution methods into 3 classes is interest- 
ing. However, the first 2 classes differ only in degree. In other 
words, it is immaterial in the general case whether the unknown 
replaces all of the known standard or only part of it. The third 
class can be considered a substitution method only in so far as 
it approaches class 1 or class 2. A true substitution method 
precludes any change in the variable arms of sufficient magnitude 
to be recognized as a distinct method of balancing the bridge. 

In a theoretical paper such as this, it was not possible to discuss 
in detail the practical advantages of these bridges but the fact 
that they are all of the simplest form, having only 4 branch 
points, and are all at least approximately direct reading, makes 
it improbable that any more complex type would offer sufficient 
advantages to justify its preference. 


Better Instrument Springs 
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Synopsis.— Electrical measuring instruments play an important 
part in the generation, distribution, and sale of electrical power, and 
in the development and testing of electrical machinery. The accuracy 
of electrical measuring instruments depends as much on the quality 
of the control springs as on the design of the torque producing 
elements. 

Unstable effects found in the application of spiral springs to 
electrical instruments arise from aging in service and hereditary 
hysteresis in the spring material. There is litile available informa- 
tion in the technical literature on these effects. In order to produce 
the most satisfactory spring controlled instruments for the electrical 
industry, there should be recorded in the technical literature a con- 
siderable body of detailed information on springs. Information is 
needed on such subjects as the effect of composition, condition of 
material, forming methods, stabilizing treatments, design detarls, 
residual stresses, service conditions, and temperature on the per- 
formance of spiral instrument springs. 


LECTRICAL measuring instruments play an im- 
EL portant part in the development and testing of 
electrical machinery, in the operation and control 
of electrical equipment, and in the distribution and 
metering of electrical energy. In these applications of 
spring controlled instruments, the accuracy depends as 
much on the performance and stability of the control 
springs as on the design of the torque producing ele- 
ments. Such factors as jewels, pivots, permanent mag- 
nets, electrical design and the structure of the mechan- 
ism are well covered in the technical literature. How- 
ever, the standard references on instruments, both in 
this country and abroad, cover only the usual data on 
the mechanics of spring design, and do not include the 
knowledge necessary to produce instrument springs of 
the high quality and performance required in modern 
sensitive instruments. 


There are two unstable effects found in the applica- 
tion of spiral springs to electrical instruments: aging and 
hereditary hysteresis. Aging is a slow permanent change 
in the zero position and calibration of the instrument 
over long periods of time. Hereditary hysteresis is a 
time lag of the deflection in relation to the applied 
torque. Hysteresis is a temporary effect evidenced by 
the failure of the spring to return exactly to the zero 
position after having been deflected for a long period of 
time. 


There is little data on the effect of aging and heredi- 
tary hysteresis on the performance of spiral instrument 
springs. St. Clair, Rockerfeller, and Brombacher have 
published some data applying to instrument spring ma- 
terial. However, the literature contains no information 
that might serve as a guide for determining what con- 
stitutes good spring performance, what variables have 
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The information presented in this paper resulted from torsional 
pendulum tests, hardness tests, spring uncoiling tests, various form- 
ing and stabilizing treatments, and measurements of hereditary 
hysteresis with the grid glow micrometer. 

The results of these tests are presented graphically, showing that 
moderate temperature heat treatment has an important effect on 
hereditary hysteresis, that the softening range of cold worked spring 
ribbon is very critical, that the forming temperature and forming time 
have a controlling effect on residual stresses, that a stress relief anneal 
reduces aging and hereditary hysteresis. The nature of the action of 
hereditary hysteresis is defined. 

Additional information is needed on the effect of composition, 
mechanical condition of the spring material, rolling practise, and 
the temperature of loading on hereditary hysteresis: Also, the 
bibliography may not be complete. Discussion on these subjects is 


invited. 
* * * * * 


a controlling influence, and what manufacturing opera- 
tions produce the most suitable springs. The situation 
is similar in many respects to the state of the art that 
existed in the application of permanent magnets before 
publication of the work of such men as Evershed, Wat- 
son, and Mathews. Thus the art of making good perma- 
nent magnets was confined to the realms of shop pro- 
cesses, or highly skilled craftsmanship, much of which 
was based upon experience rather than scientific re- 
search. As a matter of fact, excellent magnets were 
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(a) Forming barrel 
(b) Barrel filled with spring ribbon ready for forming 
(c) Formed spiral spring 


made before Evershed’s paper and excellent springs be- 
fore any publication on the subject. Instrument manu- 
facturers, as is well known, have been making magnets 
and springs of the highest quality for many years, but 
unfortunately the fact remains that the literature does 
not teach the art of making springs. 

Information is needed regarding the effect on the per- 
formance of spiral springs of such factors as composi- 
tion, mechanical condition of the spring material, rolling 
practice, forming methods, stabilizing heat treatments, 
design details, residual stresses, service conditions, and 
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temperature. It was in recognition of this need that an 
unpublished paper, Aging and Elastic. Hysteresis im 
Instrument Springs, was read before the A.I.E.E. in 
January, 1932. The present paper includes the data pre- 
sented in the first report with additional information 
drawn from the results of several years of practical re- 
search on instrument springs and spring materials. 
While the information in this paper might have been 
known in equivalent form by certain manufacturers of 
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instrument springs, it certainly has never been pub- 
lished so far as known to the author. Torsional pendu- 
lum tests, hardness tests, various forming and stabilizing 
heat treatments, spiral spring uncoiling tests, and 
measurements of hereditary hysteresis with the grid 
glow micrometer were used to obtain this information. 
An extensive bibliography on the subject of spring de- 
fects was collected during the period of this study. A 
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selected list of references from this bibliography is in- 
cluded with this paper. 


MANUFACTURE OF SPIRAL SPRINGS 


In the usual shop method of making spiral instrument 
springs, hard drawn wire of a suitable material such as 
phosphor bronze is used. The degree of hardness or 
temper is measured usually by the amount that the 
cross-section is reduced in cold drawing. This may be 
expressed by the number of wire sizes or the percent 
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cold reduction in area. For example, an annealed wire 
0.064 inch diameter drawn without further annealing to 
0.010 inch diameter is 16 numbers hard, or 97.5 percent 
cold reduction in area. 

The hard spring wire is rolled with several passes 
through the rolls to a hard, thin ribbon. Several lengths - 
of the ribbon are wound together around an arbor, and 
held tightly wound with a close-fitting barrel as illus- 
trated in Fig. 1. The ribbons in the barrel are then 
formed to a spiral shape by heating the assembly for 
several minutes at a moderate temperature, in some in- 
stances at 300 deg C. When the ribbons are removed 
from the barrel they retain an approximation of the 
spiral shape they assumed when wound in the barrel. 

The stresses set up in the ribbons when they are 
wound into the forming barrel are very high. As the 
ribbons in the barrel are heated the elastic strength of 
the material decreases. At the forming temperature the 
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elastic strength is but a small fraction of its room tem- 
perature value, and the springs set to the form in which 
they are constrained in the barrel. However, the high 
stresses set up in winding the ribbons into the barrel are 
not completely relieved by the heat treatment, since the i 
material retains some elastic strength at any tempera- 
ture below the annealing or softening point. Proof of 
the presence of residual stresses in the ribbon is found 
in the fact that the springs expand when they are re- 
moved from the forming barrel. 


EFFECT OF HEAT TREATMENT ON HEREDITARY 
HYSTERESIS 


In the torsional pendulum tests a rotating pendulum 4 
was suspended by a 20-inch length of spring wire. The | 
maximum combined fiber stress at an amplitude of 100 — 
deg was approximately 9,000 lb per sq in. with a wire 
diameter of 0.010 inch. The wire was heat treated under 
the tension load of the pendulum weight by passing a 
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current through the wire. The decrement of the torsional 
oscillations was measured after heat treatments at suc- 
cessively higher temperatures. In a typical test a 2 per 
cent tin phosphor bronze wire with 45 per cent cold re- 
duction in area was used. In this test the decrement or 
the hereditary hysteresis decreased rapidly as the heat 
treating temperature approached the softening point, 
as shown in Fig. 2. In a series of tests using wires of 
various compositions and varying amounts of cold re- 
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Fic. 5—Sorrenine Test or SPRING WIRE 


2 per cent tin phosphor bronze spring wire, 0.010 in. diam, 12 in. long, 97 
per cent cold reduction in area. Tension load—8,000 lb per sq in. Heating 
rate—35 deg C per minute 


duction in area similar results were obtained, with the 
exception that the effects were greater in wires with 
more cold working. 


HARDNESS TESTS 


Phosphor bronze ribbons with varying amounts of 
cold reduction in area were subjected to successively 
higher temperatures, and the effect of this thermal 
treatment on the hardness of the strips was measured 
with a Vickers pyramid hardness tester. Large varia- 
tions in the range of cold reduction in area did not pro- 
duce corresponding variations in hardness. However, 
the softening range was found to be very critical as 
shown in Fig. 3 for a 2 per cent tin phosphor bronze rib- 
bon, 0.015 inch thick and 0.165 inch wide, with 85 per 
cent cold reduction in area. Heat treating temperatures 

up to 350 deg C had little effect, but slightly higher 

temperatures caused a large decrease in hardness. A 
similar effect was found in all cold worked ribbons, but 
the initial hardness was not quite as high for lower 
amounts of cold working. 


SOFTENING TESTS 


One foot lengths of phosphor bronze wire were heated 
in a small electric oven illustrated in Fig. 4, while under 
a constant tension load produced by a weight. The wire 


CARSON: BETTER INSTRUMENT SPRINGS 


871 


was clamped at the upper end of the oven and was 
passed between a pair of small rollers at the lower end. 
The rollers were held in contact with the wire by light 
spring pressure. Extension of the part of the specimen 
inside the oven was indicated by a pointer rotated by 
one of the rollers. When the wire was heated the pointer 
indicated the extension caused by thermal expansion. 
However, at elevated temperatures the tension load 
introduced permanent creep or plastic extension, in 
addition to the thermal expansion effect. The test was 
performed by heating the oven at a uniform rate and 
measuring the temperature and total extension of the 
specimen. The plastic extension was obtained graphi- 
cally by subtracting the calculated temperature ex- 
pansion from the total extension as shown in Fig. 5 for a 
typical test. The specimen illustrated was a 2 per cent 
tin phosphor bronze wire 0.010 inch diameter with 97 
per cent cold reduction in area. The tension load was 
8,000 lb per sq in. and the heating rate was 35 deg C 
per minute. In this test there was no plastic extension 
until a temperature of approximately 330 deg C was 
reached. As the temperature was further increased the 
plastic extension increased very rapidly. The occur- 
rence of plastic extension indicated that the material 
lost strength as the temperature was raised through 
330 deg C. 

Increased cold working in the spring material was 
found to lower the temperature at which the loss of 
strength or plastic extension occurred. The temperature 
at which the plastic extension reached 0.020 inch was 
determined for a series of specimens with varying 
amounts of cold reduction in area. Fig. 6 shows that 
this temperature fell rapidly as the cold reduction in 
area was increased. Although this test method is not 
subject to rigorous interpretation, it demonstrates that 


Fic. 6—EFFEctT oF 100 
Coup WORKING ON Oh REA 
THE SOFTENING & ay 
TEMPERATURE OF Z a ak 
Spring WIRE Zi 
Op 9% 
2 per cent tin phos- Ss rs 
90 
phor bronze spring 57a 
wire, 0.010 in. dia, 9 OF 
in. long tension load cv 4 80 
—8,000 lb per sq in. g 
heating rate—35 deg ro 60 
C per min. Total O 
plastic extension, 400 420 440 460 480 500 


0.020 in. TEMPERATURE-DEG. CENT 


the softening temperature of phosphor bronze spring 
wire is controlled by the amount of cold working in the 
material. 


EFFECT OF TEMPERATURE AND TIME ON THE 
FORMING OF SPIRAL SPRINGS 


The effect of forming temperature and the time at 
temperature was investigated using a group of springs 
made from a spring ribbon prepared for a typical instru- 
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ment spring. The spring material used was a commercial 
cold drawn 5 per cent tin phosphor bronze wire 0.008 
inch diameter. The ribbon was rolled in 8 passes to a 
cross-section of 0.0022 by 0.023 inch. The forming 


A—Spring forming barrel inside dia—0.436 inch 


B—Forming barrel wound with six ribbons ready 
for forming 
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Heated in air oven for 
15 min 


D—Formed at 320 
deg C. Outside dia— 
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Fig. 7—Errecr or Forming TEMPERATURE AND FORMING 
TIME ON THE OuTSIDE DIAMETER OF SPIRAL SPRINGS FORMED IN 
THE SAME BARREL 

Spring ribbon prepared from¥commercial ‘5 per cent tin phosphor bronze 


spring wire 0.008 in. dia, rolled to ribbon 0.023 in. wide, 0.0022 in. thick. 
Ribbon length—9.5 in., spring torque—0.27 em g per revolution 


barrel, inside diameter 0.436 inch, accommodated 6 
lengths of ribbon 9.5 inches long. Barrels filled with 
spring ribbon were formed at various temperatures from 
260 to 320 deg C for 15 minutes. Other barrels were 
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formed at 300 deg C for various lengths of time from 1 
to 80 minutes. When the spiral springs were removed 
from the barrels, the springs expanded so that the out- 
side diameter of the spring was larger than the inside 
diameter of the forming barrel, as illustrated in Fig. 7. 
There was less increase in diameter of the spring when 
the temperature of forming approached the softening 
point, as shown in the curve, Fig. 8. The time at 
temperature also affected the amount of expansion. 
Fig. 9 shows that a minimum time of 20 minutes at the 
forming temperature was required to complete the 
forming process. 

The expansion of the spring as it was removed from 
the barrel provided a very useful method for de- 
termining the proper temperature and time for forming 
any given spring. In addition, the amount of expansion 
indicated the relative intensity of the residual stresses 
in the spiral spring. 


UNCOILING TESTS 


When formed spiral springs are heated they show a 
tendency to uncoil. This uncoiling tendency was 
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measured by heating the springs formed for 15 minutes 
at 300 deg C to various temperatures. Fig. 10 shows 

that the rate of uncoiling increased very rapidly with 
only moderate increases in temperature. At 100 deg C 

the uncoiling rate was nearly 10,000 times as rapid as 
the rate at 85 deg C. The uncoiling at any constant 
temperature was found to proceed at a decreasing rate 
asymptotic to some final value, and the final amount of 
uncoiling was found to be larger with springs formed at 
lower temperatures. Measurements of the elastic 
modulus of the springs (torque per revolution) showed 
that the uncoiling was accompanied by an increase in 
the elastic modulus. The effect of forming temperature | 
on the amount of uncoiling and change in elastic modu- 
lus is illustrated in Fig. 11. Springs formed at 260 deg © 
were subject to 3 times as much change as springs 
formed at 310 deg C. Tests on the springs formed 
300 to 320 deg C disclosed that the small initial ur 
coiling tendency was removed completely by heat 

the finished springs for 24 hours at 100 deg C. A sma 
amount of uncoiling took place during this heat 
ment, but there was no subsequent uncoiling tenden 
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at any lower temperature. Comparison of Fig. 8 and 
Fig. 11 shows that the uncoiling tendency, the aging 
tendency, and the expansion of the spring when re- 
moved from the barrel are all influenced in a similar 
manner by the forming temperature. This fact sug- 
gests that residual stresses are responsible for aging and 
uncoiling effects as well as the expansion effect in spiral 
springs. 


GRID GLOW MICROMETER TESTS 


Hereditary hysteresis effects in spiral springs are very 
difficult to measure with precision. These effects were 
investigated using flat strips of spring ribbon loaded in 
bending as illustrated in Fig. 12. A short length of rib- 
bon was placed on two parallel horizontal pins and loaded 
with a weight hung midway between the pins. The de- 
flection of the beam was measured with a micrometer 
head fitted with a sharp contact point. Contact between 
the micrometer point and the ribbon operated a grid 
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oF SPIRAL SPRINGS FORMED IN THE SAME BARREL 


Same springs as described in Fig. 7. Formed at 300 deg C for 15 min 


glow tube to indicate the instant of contact. A large di- 
ameter drum and a magnifier lens was attached to the 
micrometer head to facilitate accurate readings, and a 
constant tension thread drive was used to make ac- 
curate settings of the micrometer. An autographic 
attachment was developed which produced a continuous 
record of displacements of the test specimen, so that a 
test could proceed without being disturbed. The grid 
glow micrometer was found to be sensitive to displace- 
ments of 0.00001 inch (ten millionths) with a contact 
circuit resistance of more than one megohm. With this 
apparatus precision measurements of hereditary hy- 
steresis in instrument spring ribbon were made at low 
working stresses and over periods of time extending for 
several weeks. 

Hereditary hysteresis in instrument spring ribbon was 
investigated under conditions of load and time similar 
to the service conditions of the instrument spring. The 
effect of heat treatment on hereditary hysteresis as 


CARSON: BETTER INSTRUMENT SPRINGS 


873 


obtained from the torsional pendulum test (Fig. 2) was 
confirmed. The continuous nature of the hysteresis 
effect is shown in Fig. 13 for a ribbon of 5 per cent 
nickel bronze, 0.016 by 0.109 inch, with 84 per cent cold 
reduction in area. The specimen was formed flat at 300 
deg C for 15 minutes to relieve cold working stresses. 
At a maximum stress of 12,000 lb per sq in. the creep 
reached 0.28 per cent of the load deflection in 30 hours. 
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After the load was removed recovery was approximately 
two-thirds completed in 30 hours. The recovery action 
was allowed to continue undisturbed for 7 days. When 
the recovery time was plotted to a logarithmic scale the 
recovery curve formed a straight line as shown in Fig. 
14. Projection of the recovery curve to the point of 
complete recovery gave a period of 42 days required to 
recover from the effects of a load sustained for 30 hours. 
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An extensive investigation of the effect of composi- 
tion, load intensity, and load temperature was started 
in 1931. At the time of the preparation of this paper 
there had not been sufficient data collected upon which 
to form any conclusions. 


CONCLUSIONS 


From these tests the following conclusions are drawn 
regarding the phosphor bronze spring materials used in 
the manufacture of spiral instrument springs. 


1. Hereditary hysteresis is a minimum in instrument 
springs when the forming temperature is just below the 
softening point. 

2. The softening temperature range for cold worked 
phosphor bronze spring material is very critical. Fur- 


ther, the softening temperature is lowered by an increase 


in the cold working of the material. 
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3. The increase in diameter of the spiral spring as it 
is removed from the forming barrel indicates the rela- 
tive intensity of the residual stresses in the spring. 

4. The tendency of the spiral spring to uncoil and 
increase in elastic modulus is a minimum under con- 
ditions that produce minimum residual stresses. As in 
the case of hereditary hysteresis, forming at a tempera- 
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5 per cent nickel bronze strip, 0.109 in. wide, 0.016 in. thick, 84 per cent 
cold reduction in area. Formed flat at 300 deg C for 15 min. Loaded in 
bending at max. stress of 12,000 Ib per sq in. 


ture just below the softening point produces the mini- 
mum aging tendency. 

5. The aging tendency of properly formed springs can 
be eliminated by low temperature heat treatment. 

6. Hereditary hysteresis is of a progressively con- 
tinuous nature, and the creep rate is more rapid than 
the subsequent recovery rate. 
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Springs made in accordance with the information 
presented in this paper have been used in high grade 
indicating instruments with a marked improvement in 
performance. It is recognized that the details of the 
forming and aging process vary with the dimensions of 
the spring, and with the composition and mechanical 
condition of the spring material. However, the informa- 
tion given in this paper has been found to be sufficient 
for the development of manufacturing information for 
any of the usual instrument springs. 

The author recognizes that the work described in 
this paper covers only one phase of the instrument 
spring problem. Additional information is needed on 
such subjects as the effect of composition, mechanical 
condition of the spring material, rolling practise, and 
temperature of loading on hereditary hysteresis and 
residual stresses. Also, the following bibliography may 
not be complete. If some of the results presented here 
have been obtained by others but not reported a con- 
tributed discussion on the subject will be welcome. It 
is hoped that this paper will bring out additional infor- 
mation of such value as will be reflected in further 
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improvement in the performance of spring controlled 
instruments. 
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Discussion 


Paul MacGahan: Mr. Carson’s paper is of great interest to 
all engineers who have been closely associated with the design of 
indicating instruments. In the writer’s case this association be- 
gan in 1898, following the earlier work of Shallenberger and Lange 
who were the first in America to produce commercial alternating- 
current instruments for switehboards. 

In those early days there were enough troubles from tempera- 
ture, frequency, and friction effects entirely to cover up the rela- 
tively smaller errors introduced by the springs. It was only as the 
electrical and mechanical features of the art progressed that it 
was realized that an instrument could be no more accurate than 
its control spring. Today the spring errors are as important as 
all the electrical errors combined. On the other hand, it should 
not be assumed that springs, as exemplified by the best instru- 
ment practice, were all wrong, but rather that the performance 
required of modern instruments requires a better knowledge of 
spring defects. 
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Earlier Westinghouse practice in the design of a-¢ instruments 
involved the use of 300 deg seale defiections, both in the switeh- 
board line and in the ‘‘precision”’ line. This precision line still is 
in use after all these years as a secondary or transfer standard of 
reference by many who do not maintain a complete standardiz- 
ing laboratory. 

It is interesting to note that there was no appreciable spring 
trouble either in the old induction switchboard instruments or 
the precision instruments with their 300 deg deflections. This is 
of particular interest in the precision instruments where the 
spring effects would not be masked by electrical or mechanical 
inaccuracy in the instrument. In these instruments, a spring 
error of 1/50 of one per cent would be discovered if it were 
present. The excellent performance of the springs in these 
instruments was, no doubt, due to the fact that the springs were 
much larger in size and not rolled as thin as the springs in com- 
mon use today. Even though the calculated stresses in the springs 
in modern instruments show a margin of safety higher than the 
margin of safety in the earlier 300 deg scale instruments, problems 
involving stability are more pronounced because of temperature 
conditions and other facts now brought out in this paper. 

Is it not possible that in the thin springs size effects are en- 
countered? Since residual stresses are associated with crystalline 
structure rather than molecular structure it seems reasonable to 
suspect that the relation between the thickness dimension of the 
spring ribbon and the average grain size across the section is 
approaching some critical condition in the thinner springs. 
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There is an interesting condition brought out by our practice 
in springs for precision instruments. These instruments use two 
springs, both mounted so as to wind up with increasing loads. 
The reason for adopting winding of both springs was purely ex- 
perimental as the early day tests showed a better performance 
than when both springs unwound or when one spring unwound 
and the other wound up. It now appears from this paper that 
there was a real basis for these results since in the winding direc- 
tion the external load stress on the springs is opposite in direction 
from the residual stresses and the deflection rate of the springs 
would be more uniform. 


Another interesting point is that the presence of residual 
stresses as disclosed in the paper suggest a rational view of a long- 
known peculiarity in the deflection rate of springs. As early as 
1906! the curve reproduced in Fig. 1 was published showing the 
characteristic deviation of the precision meter spring. This 
deviation might be explained as arising from the combination of 
load stresses and residual stresses. Assuming that residual 
stresses are of an appreciable magnitude as compared to the load 
stress, during the initial portion of a gradually applied load the 
spring deflection would be decreased slightly by the residual 
stresses. As the load stress increased, the residual stresses would 
have less effect so that the deflection curve of a single spring 
would appear as shown. 

This explanation of the peculiar deflection rate is strengthened 
by the fact that the combined deflection curve for two springs can 
be varied by placing the two springs under slight initial tension, 
in which case one spring is wound up slightly and the other one 
unwound the same amount. In the residual stress conceptions 
the two springs when subjected to load operate at different points 
on the defiection curve so that the deviations in the combined 
deflection rates are compensated. 

A.B. Smith: The success of the neon lamp as a detector of 
light pressure contacts led the writer to question the whole mat- 
ter of the use of the telephone receiver for the same end. The 
latter is commonly used with low emf—1.5 volts or a little more. 
The most commonly used receiver is the operator’s receiver, 
which has a winding of 80 to 125 ohms, direct current. Now, the 
neon lamp naturally uses 110 volts. If the telephone receiver 
were used with 110 volts and its coils wound to a high impedance, 
comparable to the emf used, how would it compare with the 
neon lamp? 

Accordingly, the writer tested the matter, February 9 and 10, 
1932. The neon lamp was rated at 2 watts on 110 volts. The 
telephone was a radio headset (2 receivers) whose total direct 
current resistance was 2,200 ohms. The commercial source of 
direct current had a pressure of 115 volts; the test circuit in- 
eluded, in series with the d-c source, a resistor, and a good contact 
key, and the device to be tested as an indicator. The work was 
done in a laboratory that was perhaps a little more noisy than 
the usual laboratory, and with north windows for illumination. 

This particular neon lamp had a limit of about 59 megohms. 
Beyond this it would not light. At 59 megohms there was a 
distinct glow but it had to be viewed in a dark box. It seemed 
to be too weak for general use. The radio headset gave clear 
and unmistakable clicks at each closing of the key up to and 
including 700 megohms. Beyond this the writer did not have the 
means to go. There was no confusion caused by residual charge 
on the key, provided by opening the circuit elsewhere. 

Both the neon lamp and the high resistance telephone receiver 
have a place as detectors of contact. Each has its own peculiar 
advantages. The telephone leaves the eye free from observa- 
tions, leaving the ear to pick up the indication. The neon lamp 
may be used in ultra-noisy places, where the telephone click 
could not be heard. It is gratifying that the grid glow microm- 
eter has been brought to our attention, and that the telephone 
receiver has promise of larger utility than before. 


1. Wm. Bradshaw, ‘‘Maintenance and Calibration of Service Meters,”’ 
Electric Journal, vol. 3, 1906, p. 395. 
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Howard Scott: It is quite generally known that metals creep. 
that is, flow under constant low loads, at high temperatures, but 
it is not so well known that they do so at normal temperatures, 
The effect is, of course, extremely small at room temperature and 
important in but a few cases, among which is that of precision 
springs. However, it is there a determining factor in the selee- 
tion and treatment of metal for such uses. It is so small that an 
extremely sensitive test method is required to detect it. A highly 
satisfactory test method has been developed by Mr. Carson 
following the principles outlined by the writer.” 

The author’s tests on flat strips rather than coiled springs are 
of particular interest because they eliminate an important 
variable, residual stress, whose effects are difficult to distinguish 
from those of other factors. Obscure phenomena are often at- 
tributed, rightly or wrongly, to residual stresses that are certainly 
present in spiral springs. Consequently, it may be pertinent to 
examine closely their possible effects on spring performance. 

Stresses remain within a spring released after the hot-forming 
operation due to the fact that the plastic yielding necessary te 
shape the spring does not vary linearly across the thickness of 
the spring strip. These stresses are commonly called residual 
stresses. Their intensity usually is a maximum at the surface 
where they have the greatest effect on spring performance. At 
the surface they are of opposite sign from the forming stresses 
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causing the plastic yielding necessary to produce the desired 
spring curvature; that is, the stress is compressional on the con- 
vex surface of the spring, and tensional on the concave surface. 
The manner in which residual stresses develop on hot-forming 
is illustrated by Fig. 2. It is assumed for the sake of simplicity 
that the stress-strain curve for the metal while hot consists of 
two straight lines, one representing loading to the yield point, 
p2, and the other beyond the yield point. Deformation is as- 
sumed to continue indefinitely under the yield point load. On 
this basis, the three significant stresses defined by the figure are 
related as follows: | 
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The residual stress at the surface where it is most important 
Ps — p2 and of opposite sign from p;. These relations give, | 
course, only apparent values of the residual stresses, but th 
values are not enough different from what would be obtaine 


2. H. Scott, ‘‘High Temperature Characteristics of Metals as Revealed 
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were the true stress-strain curve used to modify any conclusions 
drawn here from them. 

As the temperature of the spring metal is raised its yield point 
falls from around 100,000 lb per sq in. at room temperature to 
a very low value at the highest permissible forming temperature. 
The equation just given shows that as the yield ‘point is so 
lowered, the residual stress at the surface which remains after 
release of the cooled spring must first increase from zero to a 
maximum when the yield point hot has dropped to about 60 
per cent of the maximum applied stress, pi, and thereafter falls 
as the yield point is decreased by higher temperatures. The 
residual stress never exceeds half the yield point at the forming 
temperature. 

The manner in which the apparent yield point varies with 
forming temperature may be deduced from the data given in 
Fig. 7 and the equation. The initial forming stress at the surface, 
pi, is about 86,000 lb per sq in. which is below the yield point of 
the cold metal. At the forming temperature, the yield point is 
temporarily much lower and may be estimated from the diameter 
of the spring asformed. Itis of the order of 18,000 lb per sq in. at 
255 deg C and 3,000 lb per sq in. at 320 deg C as calculated from 
the equation given here. Thus, the residual stress in the freed 
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springs is lower, the higher the forming temperature within this 
range of forming temperatures. The degree of unwinding also 
diminishes with increasing forming temperature so Mr. Carson’s 
suggestion of a direct relation between uncoiling and residual 
stress is plausible. 

The magnitude of the apparent residual stress at the surface 
from the preceding data is 8,600 lb per sq in. after forming at 255 
deg C and 1,500 lb per sq in. after forming at 320 deg C. It is not 
conceivable that stresses of this magnitude can produce the pro- 
gressive unwinding observed by Mr. Carson which is many times 
the creep that would be observed in strips free from directional 
effects of forming. Consequently, one must look to some other 
factor in spring preparation for an explanation of unwinding. 

It is well established that overloading in tension to the extent 
of producing appreciable plastic deformation lowers markedly 
the yield point in compression and vice versa. This effect taken 
together with the residual stresses offers a reasonable explanation 
of the phenomenon of unwinding. Fig. 3 shows by idealized 
drawings how the yield point within an annealed metal strip is 
modified by tensile deformation and bending. We do not know 
that the effects will be so notable when a cold worked metal is 
deformed or when deformation is produced hot as on spring 
forming, but suspect that they are both appreciable. 
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Assuming that the effects of plastic deformation illustrated 
by Fig. 3 apply to cold-worked metals deformed at forming 
temperatures, we have an obvious explanation for unwinding. 
The compressional residual stresses that appear at the convex 
surface of a spring upon release after forming may well reach an 
intensity equal to or greater than the effective compressive yield 
strength of these outer fibers which has been greatly lowered by 
the tensile plastic deformation previously applied during form- 
ing. Even if the residual stress approaches near the value of the 
modified yield point, appreciable plastic deformation may be 
expected. The direction of flow is such as to produce unwinding 
of a spiral spring. 

Of the two factors that may modify the yield point as indicated, 
one probably is dominant. Which is dominant cannot be de- 
cided from the limited experimental data available, but may be 
determined by observations of spring creep under normal load- 
ing. If the dominant factor is cold-working, the rate of creep 
should be nearly the same for loads that uncoil as for those which 
cause the spring to coil to a smaller diameter. If, however, hot- 
forming is the dominant factor, the creep with unwinding loads 
should be much greater than with winding. Perhaps, Mr. Car- 
son has made some observations on the rate of creep of springs 
loaded in both directions which will answer this question. 


H. B. Brooks: Mr. Carson’s paper is a welcome contribution 
to instrument-spring literature, which has been notable for its: 
meager performance data and utter lack of information on the. 
making of good springs. Fortunately, the idea that secrecy in 
such matters is necessary seems to be passing. The manufacturer 
who publishes the results of research work, undertaken to im- 
prove his product, produces a desirable impression in the mind 
of a discriminating purchaser. 


The most important of all electrical indicating instruments is. 
the wattmeter. It serves as a transfer instrument in the checking 
of portable a-c watthour meters in terms of the fundamental d-c 
standards, and it has been found to be the most accurate means 
for measuring the electrical output of generating units in water- 
rate acceptance tests. Such design details as the form and ar- 
rangement of wattmeter windings, compensation for the in- 
ductance of the windings and for temperature changes, and means 
for shielding, have been carefully studied. But with all of these 
details at their best, the performance of the wattmeter-can be no 
better than that of its springs, and this is still short of being 
satisfactory. 

The increase in the elastic modulus of springs, reported by 
Mr. .Carson, explains the phenomenon recently shown by a 
wattmeter of the highest grade, originally adjusted by the maker 
to have errors not over 0.1 per cent of full scale value. The 
wattmeter reads low by 0.25 per cent on all ranges; the resistances 
of its circuits had their certified values, within very close limits, 
and the instrument showed no signs of overload or other abuse. 
The only reasonable explanation is that in the years since the 
instrument left the factory the stiffness of the springs had in- 
creased by 0.25 per cent. , 

An increase of temperature of 1 deg C reduces the stiffness of 
a phosphor bronze spring about 0.04 per cent. While the effect 
of this change can be compensated, it would be very desirable, 
especially for wattmeters, to have springs of high quality in other 
respects with a much lower value of temperature coefficient of 
stiffness. The use of phosphor bronze is almost as old as the art 
of making commercial electrical instruments. With the enormous 
increase in specialized alloys to give previously impossible per- 
formance in almost every other line of manufacturing, it seems 
strange indeed that we cannot have new and much better alloys 
for the making of instrument springs. 

R. W. Carson: Improvements in sensitivity of electrical 
instruments have generally been obtained by reducing the weight 
of the moving element and using springs of thinner section and 
lower torque. This trend toward smaller and smaller dimensions 
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in springs may be in part responsible for the greater significance 
of hysteresis effects, as Mr. MacGahan suggests. Also, his 
explanation for the non-linear deflection rate seems to account 
for this effect very well. With a hand-marked dial as used with 
most sensitive electrical instruments this effect would not readily 
be observed. ‘ 

Data given in this paper obtained by the use of the bend test, 
developed by Mr. Seott, in conjunction with the recording grid 
glow micrometer apply only to flat ribbon. Although serving 
to duplicate stress, temperature, and load conditions in instru- 
ment springs this test method has not been applied to spiral 
springs. Such information as has been obtained on formed 
spiral springs is of doubtful value because of the test variables 
introduced by friction and inertia in the rotating member sup- 
porting the spring. Therefore, no data are available to show the 
relative effect of cold working and forming in introducing residual 
stresses. Tests on flat ribbons of cold worked phosphor bronze 
heated to 300 deg C for 15 minutes show that the hysteresis be- 
fore heat treating is 10 to 30 times the hysteresis after heat 
treating. Residual stresses of considerable magnitude therefore 
are present in the spring ribbon before forming. 

For anyone concerned with inelastic effects in spring materials, 
the stress analysis given by Mr. Scott is fundamental to the 
problem. From the procedure used to evaluate these residual 
stresses it is apparent that the problem is one for the engineer, 
not for the man in the shop. 

To Mr. H. B. Brooks, the author is indebted for further evi- 
dence of the aging of springs at normal temperatures. Informa- 
tion given in this paper shows how this unstable effect can be 
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eliminated in the manufacturing process, as well as removed from 
instruments in service. 

As to the relative importance of the spring material and the 
manufacturing process in controlling spring performance, residual 
stresses appear to be the principal cause of aging and hereditary 
hysteresis, and residual stresses are controlled by the manufac- 
turing process. The forming temperature which results in mini- 
mum residual stresses is in a critical range just below the softening 
temperature, which in turn varies with the cold working in the 
material. However, the expansion of the spiral spring as it is 
removed from the forming barrel is a minimum at the forming 
temperature producing the minimum residual stress. Springs 
formed at this temperature are further improved by an extended 
low temperature stress relief anneal. 

For the springs shown in Fig. 7 the manufacturing operations, 
as established by the data in Figs. 8, 9, and 11, are as follows: 

Forming at 300 to 310 deg C in air oven holding at temperature 
for 20 minutes. Maximum expansion of the spring when removed 
from the barrel—15 per cent. 

Aging—Heat in air oven at 100 deg C for 24 hours. 
follows last manufacturing operation. 

Similar manufacturing data can be determined for other spiral 
springs, but the details will depend on the size of the spring, the 
spring material, and the cold working introduced in drawing and 
rolling. Expansion of the spring as it is removed from the spring 
forming barrel combines all three of these variables, and therefore 
provides a convenient and rapid means for setting up the manu- 
facturing operations that produce a minimum of aging and 
hereditary hysteresis. 


Aging 
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A Portable Oscillograph With Unique Features 


BY KIRK A. OPLINGER* 


Associate, A.I.E.E. 


Synopsis.—This paper describes a simplified portable oscillo- 
graph having a number of new optical and electrical features. The 
optical system, which consists of a combination of cylindrical lenses 
with axes at right angles, is designed to permit simultaneous viewing 
and photographing. A continuous time axis for both the viewing 
screen and film is secured by means of a small, variable speed, re- 
volving mirror. 

New galvanometers have been developed which have electromagnetic 


damping instead of the usual oil damping. These galvanometers 
are very rugged and have been built for recording frequencies as high 
as 14,000 cycles per sec. 

The oscillograph is entirely self-contained and may be operated 
from a 110-volt 60-cycle lighting circuit without auxiliary attach- 
ments. The compactness and portability of the instrument can be 
seen from its over-all dimensions which are 8 K 11% X 11 in. 
and from tts total weight, which is approximately 18 lb. 


INTRODUCTION 


URING the past few years, numerous applications 
have been opened to the oscillograph in connection 
with radio broadcasting and the use of vacuum 

tubes for industrial purposes. Outside the field of elec- 
trical engineering, the oscillograph has been used for 
acoustical studies and for the measurement of vibra- 
tions, accelerations, and pressures. In many of these 
applications, the oscillograph has not only simplified 
the development work, but it has often furnished data 
that could be obtained in no other manner. 


In designing an oscillograph for applications such as 
mentioned above, simplicity and ruggedness are of pri- 
mary importance, as the instrument will not generally 
be used by an experienced oscillograph operator. The 
size of the oscillograph and the ease of making visual 
observations are also important since the oscillograph 
will be used much the same as an instrument to make 
comparative measurements of amplitude, phase, fre- 
quency, or wave shape. To meet all of these require- 
ments, an entirely new oscillograph, differing greatly 
from previous designs, has been developed using a new 
type of optical system and galvanometer. This new 
instrument may be used as conveniently as an ordinary 
voltmeter or ammeter, and has other characteristics 
which will extend the range of application of oscillo- 
graphic instruments. 


DESCRIPTION 


A general view of the oscillograph is shown in Fig. 1. 
The instrument is entirely self-contained and may be 
operated from a 110-volt 60-cycle lighting circuit with- 
out auxiliary attachments. The oscillograph is very 
compact as shown by its over-all dimensions which are 
8 x 111% x 11 in. Its total weight is approximately 

18 Ib. 

A top view of the panel is shown in Fig. 2. Terminals 

for the two galvanometers are located at the lower left 
and right hand corners of the panel. Each galvanom- 
eter has a single switch for selecting the desired multi- 


*Research Laboratories, Westinghouse Hlec. & Mfg. Co., Hast 
Pittsburgh, Pa. 

Presented at the summer convention of the A.J.H.E., Chicago, 
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plier or shunt resistor. The values marked on the panel 
give the approximate d-c voltages and currents for a 
deflection of one inch. Both galvanometers may be 
used for measurements of potentials up to 300 volts or 
currents up to 10 amp without the use of external 
resistors. The control switches have a stop to prevent 
the operator from accidently switching to the current 
side when connected to a voltage circuit. However, no 
damage will result to the instrument if this mistake is 
made, since both the resistors and galvanometers are 
protected by fuses. 


Fig. 1—GrnerAL ViEw oF OSCILLOGRAPH 


In the upper left hand corner of the oscillograph are 
two controls which permit adjusting the zero position of 
each galvanometer. The “‘timing’’ knob in the opposite 
corner of the panel varies the timing axis, as will be 
explained later, and thus controls the number of cycles 
visible on the viewing screen. 

Both film and viewing screen are stationary and in 
position for use at all times. When it is desired to take 
a photograph of any recurrent phenomenon, it is only 
necessary to press the “expose” button near the center 
of the panel. This button opens a shutter to the camera, 
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and at the same time, places an overvoltage on the 
oscillograph lamp. Provision has been made to use 
either a standard cut film holder or pack with 244 x314- 
in. film in a manner similar to that of an ordinary 
camera. 


OPTICAL SYSTEM 


Simultaneous viewing and photographing is made 
possible by the optical system shown in Fig. 3. This 
system also gives an optical multiplication of the 
galvanometer deflection, thereby making it possible to 
obtain the equivalent of a long optical lever in a short 
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Fig. 3—OpricaL 
SysTEM 


space. Referring to Fig. 3, the slit is illuminated by a 
standard 6-volt 32-cp automobile headlight lamp whose 
filament is imaged on the galvanometer mirror by a 
small condensing lens. The lenses L, and L, are cylin- 
drical with their axes at right angles to the axes of the 
cylindrical lenses L; and Ly. Optical multiplication is 
obtained by means of the lenses L; and L.. The lens 
L, gives a reduced image of the slit directly in front of 
the lens L,. This image, together with any motion 
imparted to it by the galvanometer mirror, is then en- 
larged by the lens L, on to the film. The size of the 
image on the film, in the vertical direction, is therefore 
fixed by the width of the slit and the overall magnifica- 
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tion of the lenses L, and Ls. The other dimension of 
the image is determined by the height of the slit and 
the magnification of the lenses L; or Ly which focus on 
the film and screen respectively. 


To secure a continuous time axis, the number of faces 
on the revolving mirror, and the angles subtended by 
the film and viewing screen, have been chosen so that 
there is always a spot of light entering on both the film 
and screen just as the previous spot is leaving. This 
arrangement makes it possible to study transient 
phenomena without the possibility of a transient occur- 
ring at a time when the screen is dark. 


Directly above the viewing screen is a spherical lens, 
so placed that it gives an enlarged virtual image which 
is comparable in size to the image on the film. Without 
this lens, the image does not appear equally bright at all | 
points on the screen. The lens corrects for this and also 


Fig. 4—Insipz View oF OSCILLOGRAPH 


gives greatly increased brilliancy which is sufficient for 
viewing even in a brightly lighted room. If desired, the 
viewing lens with its screen may be removed and re- 
placed by a large curved screen which is shown mounted 
on the lid in Fig. 1. This arrangement makes it possible’ 
to trace wave forms and to use the oscillograph in a 
darkened room for such purposes as classroom demon-’ 
strations before a group of students. 


An inside view of the oscillograph is given in Fig. 4, 
showing the arrangement of the different parts of the 
optical system. The small revolving mirror is driven 
by the friction between a wheel on the mirror shaft and 
a face plate mounted on the end of the motor shaft. 
The speed of the mirror, and hence the timing on the 
screen, is varied by sliding the motor back and forth 
change the driving radius. 
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GALVANOMETERS 


The galvanometers used in the oscillograph are as 
shown in Fig. 5. They are of the moving iron type with 
a balanced armature.! This design results in a very 
rugged construction which can withstand large over- 
loads without damage and is particularly suitable for 
portable work. These galvanometers were originally 
developed for sound recording systems and have proved 
to be very satisfactory for this purpose. The arrange- 
ment of the armature, poles, and coils is shown in Fig. 6. 
Permanent magnets of cobalt steel are used to supply a 
steady flux in the four air gaps. When current flows in 
the coils, the flux in one pair of diagonally opposite gaps 
is increased, while the flux in the other pair is decreased, 
resulting in a force couple which tends to rotate the 
armature about its vertical axis. The restoring force 
for the armature is furnished by its support. 

The construction of the armature and method of 
support is shown in Fig. 7. It will be noted that the 
support has a 90 deg twist at the top which places the 
armature at right angles to the flat, tapered stem. This 
construction gives the desired torsional stiffness for the 
armature, and at the same time, furnishes a high bend- 
ing stiffness to keep the armature centered in the air 


a 


Fig. 5—Movine Iron Tyrer GALvANOMETER 


gap. The mirror is mounted on a short stem extending 
above the armature. It is desirable to have this mirror 


large, since it is one of the limiting factors in the amount 


of light that is available on the oscillograph viewing 
screen and film. On the other hand, the mirror size 
cannot be increased indefinitely, since its inertia must 
be comparable to that of the armature for optimum 
overall performance. The mirror shown in Fig. 7 is 
1/85/32 in: and has approximately fifteen times the 
area of an ordinary oscillograph galvanometer mirror. 
In a galvanometer of thistype, the force factor, or force 
per unit current, is a measure of the sensitivity. Since 
this force factor varies directly with the flux density in 
the air gap it is desirable to have as large a steady flux 
as possible. With the balanced armature type of con- 
struction, this is possible without saturating the arma- 
ture, since the flux passes directly across the gap, and 
does not travel the length of the armature. However, 
an increase in steady flux results in a magnetic reduc- 


1. This construction was suggested by C. R. Hanna who has 
published the fundamentals of design, for moving iron systems, 
nm his paper ‘‘Design of Telephone Receivers for Loud Speaking 
Purposes,”’ Proc. I.R.E., 1925, p. 437-460. 

2. “The Mitchell Recording Camera Equipped Interchange- 
ably for Variable Area and Variable Density Sound Recording,” 
C.R. Hanna, Trans. Soc. Motion Pic. Engrs, v. 13, 1929, p. 312-6. 


OPLINGER: A PORTABLE OSCILLOGRAPH WITH UNIQUE FEATURES 


881 


tion in the net armature stiffness, and this reduction 
must be less than the mechanical stiffness of the arma- 
ture, if the armature is to remain stable in the gap. 
This latter requirement was a serious. limitation in the 
design of the balanced diaphragm receiver where the 
net diaphragm stiffness must be fairly low in order that 
the unit could cover the desired frequency range. How- 
ever, in the case of the galvanometer, the armature stiff- 


Fig. 6—BaLaNceD ARMATURE CONSTRUCTION 


ness must necessarily be relatively high in order to 
obtain a high resonance frequency and therefore, a large 
steady flux may be used to secure maximum sensitivity. 

The galvanometers, as used in the oscillograph, are 
designed for twenty ohms impedance and have a sen- 
sitivity of 0.10 amp d-c per inch deflection. This 
sensitivity depends, of course, upon the frequency 
range, the above sensitivity being for a galvanometer 
with a 5,000 cycles per second response. The frequency 
range may be extended simply by increasing the tor- 
sional stiffness of the armature support and galvan- 
ometers of this type have been used for recording 
frequencies as high as 14,000 cycles per second. Galvan- 
ometers of this range, however, have much lower 
sensitivity. In contrast to other types of galvanometers, 
the moving iron type becomes more rugged as the 
frequency range is extended. 

The damping of a galvanometer is also an important 
factor in determining frequency response. If there is 
only a slight amount of damping, deflections near the 
resonance frequency will be greatly magnified, since the 


Fic. 7—GaLvVANOMETER 
ARMATURE AND SUPPORT 


galvanometer sensitivity is much greater for frequencies 
in this region. No matter how high this resonance fre- 
quency is placed, there is always the probability that 
high frequency components of the applied wave will 
occur in the range of resonance. To prevent accentua- 
tion of these components, the response of the galvanom- 
eter at resonance must be reduced by adequate damp- 
ing. With the correct amount of damping, a galvanom- 


882 


eter will have practically uniform sensitivity throughout 
its entire frequency range. This damping should remain 
constant regardless of time or temperature, so that there 
is no change in calibration. In most galvanometers, it 
is necessary to use some form of mechanical damping, 
such as oil or rubber, but with the moving iron type it 
has been possible to get sufficient electromagnetic damp- 
ing to approach the above requirements closely. Ifa 
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Fig. 8—GaALVANOMETER FREQUENCY RESPONSE 


strong magnetic field is used, the motion of the armature 
at resonance will generate a back-voltage which will 
oppose the applied voltage to prevent any large de- 
flections. The effectiveness of this back voltage is 
determined by the total resistance of the circuit. 

A typical response curve for the galvanometer used 
in the oscillograph is shown in Fig. 8. Although the 
damping obtainable with electromagnetic systems as 
used in this galvanometer is somewhat less than the 
desired value, it should be emphasized again that it is 


Fig. 9—D1aGRraM OF 
GALVANOMETER CIRCUIT 


practically independent of temperature, and the fre- 
quency response characteristic is therefore more satis- 
factory than that of an oil damped galvanometer which 
at low temperatures may be over-damped and at higher 
temperatures under-damped. 

In order to use a single galvanometer for making 
both current and voltage measurements, the circuit 
shown in Fig. 9 was devised for use in the oscillograph. 
This circuit makes the galvanometer response inde- 
pendent of the resistance of the external circuit and also 
provides a simple arrangement for making tap connec- 
tions on the shunt and multiplier resistors. When 
making current measurements, a small resistance hav- 
ing a number of taps is permanently shunted across the 
galvanometer. The taps give the desired current range 
and the value of the shunt is such as to give the desired 
frequency response. It can be shown that this response 
is the same for any tap position. For making voltage 
measurements, another resistor is connected in series 
with the current circuit. This latter resistance has taps 
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to cover the voltage steps, and is arranged so that o 
the lowest voltage tap, there is still sufficient resistance 
to give essentially a constant current to the shunted! 
galvanometer circuit. 


CONCLUSIONS 


The portable oscillograph, which has been described, 
was designed to meet a large variety of general engi- 
neering applications. The following unique featur 
make this instrument especially adaptable to such 
applications. 


1. Simultaneous viewing and photographing. 

2. A continuous time axis furnished by a small revolving mirror 
the speed of which is variable. 

3. A new type of galvanometer with electro-magnetie damping’ 
and high frequeney response. 

4. An optical system which magnifies the galvyanometer de- 
flections and which give a brilliant trace that can be observed in 
a brightly lighted room. 

5. A simple method of taking photographs similar to an ordi-. 
nary camera. 

6. A large viewing sereen for making tracings or for giving 
demonstrations to a group of persons. 

7. Simplicity, compactness, and ruggedness comparable with 
the average electrical indicating instrument. 


Although this oscillograph is a research develop- 
ment product, it will be made available in the near' 
future in a form that will differ only in minor details) 
from the instrument described. 

The author wishes to acknowledge his indebtedness) 
to C. R. Hanna for many valuable suggestions in con- 
nection with the above development, to W. O. Osbon 
who designed one of the earlier types of galvanometers, 
and to 8. Sentipal for working out many details in the! 
mechanical design. Credit is also due other members of 
the research laboratories and shop organization who 
have made contributions to this development. 


Discussion 


Everett S. Lee: Mr. Oplinger’s paper describing a portable 
oscillograph makes it appropriate at this time for us to look both 
backward and forward in the oscillograph art. The earliest 
design of oscillograph which we could find was that of Blondel’s 
in 1891, just 42 years ago. A later oes was of 1900, and ong 
by Duddell of 1898. 

The first electromagnetic paciligenaah of the General Electrifl 
Company was produced in 1904. For years this oscillograph was 
quite generally used until the advent of the permanent magnet 
galvanometer oscillographs a few years ago. Such a galvanometer 
is completely self-contained and is the element for all of these 
oscillographs, the popular 6-element oscillograph, the 2-element 
with large tracing sereen, and the portable 2-element oscillograph. 
The portable 2-element design has been a most popular oscillo- 
graph for the past three years, having been described before the 
Institute May 7, 1930. This is for viewing recording phenomena, 
with photography of the same obtained with the addition of the 
film holder, and for photographing transients with the continuous 
drive film holder using films 30 in. long at a variety of film speed: 
The development of this continuous drive film holder as an ai 
tachment to this portable oscillograph has considerably extended 


1. See A New Portable Oscillograph, C. M. Hathaway, A.I.E.E. J 
Aug 1930, vol. 49, No. 8, pp. 646-649. 
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the field of usefulness of this instrument. This oscillograph is in 
the portable class as is the instrument described by Mr. Oplinger, 
though extending the photography range to include the photog- 
raphy of transients, which, it is the writer’s understanding, the 
Oplinger design does not do. The galvanometers of this oscillo- 
graph are of the conventional oil-damped type, which permits the 
taking of accurate transient records. 


The field of automatic oscillographs has been totally served by 
a design? that looks different from the previously described instru- 
ments because it was designed specifically for automatic recording 
of transmission line performance and the like. In this field it 
has demonstrated its uniqueness. This is the most human of 
the oscillographs. It starts itself, due to a surge, and keeps 
going until the surge is reduced. It then stops and waits for 
another. It operates within 14% cycle of a 60-cycle wave, and 
produces an oscillographic record on bromide paper. 


The important field of cathode ray oscillographs must not be 
forgotten. DuFour was the pioneer in this art. In this oscillo- 
graph the moving element is a beam of electrons in an evacuated 
tube. One design is of the high-voltage type, looked upon mostly 
as a laboratory instrument, but in this form used in factory and 
field alike. On one of its most famous exploits it was taken into 
the mountains of Pennsylvania where the first wave form of a 
lightning surge on a transmission line to be photographed in the 
United States was obtained. Another design provides a cathode 
ray oscillograph with a sealed evacuated tube for lower voltage 
work. The use of vacuum pumps has been eliminated, which is a 
boon to the operator. This feature will, no doubt, some day be 
extended to the higher voltage range for general purpose impulse 
testing which will considerably simplify the technique in this 
field. 


We all recall the point-by-point plotting of wave forms, and 
instruments are available that permit a curve to be traced simply 
by following the pointer of an indicating instrument by hand. 
We now have the photoelectric recorder? to do this same thing 


2. An Automatic Oscillograph, C. M. Hathaway and R. ©. Buell, Trans, 
A.I.H.E., March 1932, vol. 51, pp. 222-225. 

3. The Photoelectric Recorder, C. W. LaPierre, Trans. A.I.E.E., March 
1932, vol. 51, pp. 226-233. 

Also ‘‘An Improved Photoelectric Recorder,’’ C. W. LaPierre, Gen. Elec. 
Rev., vol. 36, No. 6, pp. 271-274. 
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automatically with the hand replaced by a beam of light. Simple 
wave form records have been obtained with a photoelectric 
recorder in the form of an ink record on a paper chart, thus 
eliminating photography. The obtaining of records directly 
without the need for photography will represent a most important 
advance in oscillography. The next few years should see this an 
accomplished fact. 

The many applications of oscillographs would fill many pages 
of the most interesting material. Records taken on bromide 
paper with the 6-element oscillograph with the continuous drive 
film holder are of particular interest. Records may be taken up 
to 100 feet in length. Such records show the performance of an 
electric locomotive over a 100-mile division. Each inch of record 
represents 15 rail lengths. On locomotive or ship, in factory or 
field, in laboratory or class-room oscillographs designed to fill 
a multiplicity of needs are being successfully used. 

Much of the electrical progress of the century has been due 
to the oscillograph. The achievement of making these designs 
available, the foresight in using oscillographs as an invaluable 
tool, and the opportunities for advancement disclosed through 
use, have all contributed to this progress. 

It would not be appropriate to close this discussion without 
referring to two men whose contributions to oscillography have 
been outstanding, the late Doctor L. T. Robinson of the General 
Electric Company and the late J. W. Legg of the Westinghouse 
Electric and Manufacturing Company. Both of these men have 
been taken from us and the art has been the loser. Men such as 
Mr. Hathaway and Mr. Oplinger are carrying on. Their ac- 
tivity compensates for this loss, which is the way progress works. 

Kirk A. Oplinger: The continuous drive film mentioned 
by Mr. E. S. Lee has been used on many different types of oscil- 
lographs for a number of years and it is planned to add such an 
attachment to the instrument described in the paper. This can 
be done simply by deflecting a portion of the light beam, just 
before it strikes the revolving mirror, upon a continuous film 
drive attachment. (See Fig. 3 of the paper). Since the deflected 
light will only be that portion which normally sweeps the sta- 
tionary film holder, the oscillograph may still be used for simul- 
taneous viewing and photographing. 

4. ‘‘Continuous-Drive Record Paper Holder for Oscillograph,’” C. F. 
Fischer, July 1933, Vol. 36, No. 7, pp. 328-329. c 
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fused grading shield! in which a fuse in series with: 


r : \HE expulsion protective gap is an outgrowth of the 


a gap is connected in parallel with an insulator 
string to prevent the flashover of the string due to 
lightning. The essential elements of the expulsion pro- 
tective gap are shown in Fig. 1 and consist of a gap in- 
side a fiber tube whose length is such that flashover 
always occurs inside the tube across the internal gap. 
The function of the external series gap is to reduce the 
stress due to continued application of system potential 
to a value that will not allow carbonization of the tube. 
The tests made show that the external gap has little 
part in interrupting the flow of system current through 
the tube following a lightning discharge. 


OPERATION 


Unlike the fused grading shield the expulsion gap is 
capable of many operations without servicing since there 
is no fuse in the circuit to be replaced. During the 
operation of the expulsion gap pressure is developed 
within the tube which if too great will burst the tube 
and if too small allows the power arc to continue with- 
out extinction so that the tube eventually fails. Thus 
it is seen that the expulsion protective gap has a maxi- 
mum and minimum current rating. The established 
current ratings for expulsion protective gaps rated from 
13.8 kv to 230 kv are shown in Table I. Other current 
ratings could be provided but it is felt that those given 
will meet most conditions of service. 

For ratings 115 kv and below a single tube is used, as 
illustrated in Fig. 1, while two tubes are used in series 
for higher voltage ratings. The 138-kv tube used in 
most of the Glen Lyn tests to be described later was of the 
two tube type discharging at the middle and at one end. 
The vents may be arranged to discharge the gases at an 
angle to the fiber tube if desired. Since discharge gases 
emerge with considerable violence from the vents in the 
tube and extend for considerable distance it is desirable 
to so mount the expulsion gap that gas or flame from the 
line end of the tube cannot come in contact with 
grounded metal structures or discharge from the ground 
end of the tube come in contact with live parts. 


PROTECTION 


Table I also shows the number of insulators and 
point gap in inches which can be protected, indicating 
that most steel tower lines and probably all wood pole 
lines without bonded hardware have sufficient insula- 
tion so that protection may be secured with a good fac- 


*General Electric Company, Pittsfield, Mass. 

tAmerican Gas and Electric Co., New York, N. Y. 

{Electric Bond and Share Co., New York, N. Y. 

1. For references see bibliography. 

Presented at the summer convention of the A.I.E.E., Chicago, 
Illinois, June 26-30, 1933. 
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tor of safety. These data were secured from tests made 
on 44-5, 1144-40 and front of the wave tests in which the 
potential rises at the rate of approximately 3,000 kv per 
microsecond. It seems probable that most of the opera- 
tions will be on the front of the wave since as a rule a 
tube would be located at the point of inception of the 
discharge on the line. 


APPLICATION 


The expulsion protective gap may be applied at any 
point where the minimum current is not less than the 
minimum rating of the tube and where the maximum 
rating is not exceeded. If the insulation is equal to or 
in excess of that shown in Table I protection will be 
afforded. In general, ungrounded circuits on steel tower 
lines cannot supply sufficient line-to-ground current to 
operate the expulsion gap properly if the phase-to-phase 
short-circuit current is to be interrupted also. 


GAP ELECTRODES 


Fria. 1—ExXPuLsion 
Protective Gaps & 


1—Single tubes for 
use 115 kv and below 
2—Double tubes for 
all ratings above 115 
kv H 
3—Showing use of 
horns and also means ii 
of directing discharge 1 2 3 


For wood pole lines where the insulation of the wood 
is available, the expulsion protective gap may be con- 
nected in parallel with each insulator and the insulator 
supports all connected together without making any 
connection to ground whatever. (Fig. 2A.) This 
arrangement will prevent line-to-line flashovers over 
the insulator and will make it unnecessary for the ex- 
pulsion gaps to extinguish the line-to-ground current 
except those few cases where power follow to ground 
takes place. Such a scheme is particularly adapted to 
ungrounded circuits but may be used also for grounded 
neutral circuits, if desired. 

There is evidence from experience in service to indi- 
cate that if a circuit to ground is established at approxi- 
mately 2,000-ft intervals, there is little probabili 
of lightning damaging the entire length of the in 
mediate poles. For those poles where a path to 
is to be established a wire may be extended do 
the length of the pole and tied in to the in 


September 1933 


THE EXPULSION PROTECTIVE GAP 


ie4) 
1) 
or 


TABLE I—EXPULSION PROTECTIVE GAP DATA 
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Voltage ratings Short-circuit interrupting capacity ratings No. of Approximate 
x insulators rod gap 
Max. perm. Minimum Maximum Three-phase symmetrical (system) (5% in.) protected 
Circuit line-to-ground current current protected spacing 
rating voltage rms rms rms Min, kva Max. kva all waves in inches 
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nection between the insulator supports and the three 
expulsion gaps. A fourth expulsion protective gap 
having a minimum current rating equal to the line-to- 
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sround follow current expected may be inserted in the 
wire down the pole. (Fig. 2B.) To assure discharge 
through the tube the expulsion gap plus its connecting 


lead should span a length of pole equal approximately to 
three times the equivalent gap of the expulsion pro- 
tective gap. 

With such a multiplex arrangement the expulsion 
gaps in parallel with the insulators must be able to 
interrupt the phase-to-phase short-circuit current while 
the tube in the ground circuit would only need to be 
able to interrupt the ground current. This multiplex 
arrangement is not readily adapted to circuits on steel 
towers, because it is of course necessary that the 
insulator support be free from ground. 


On higher voltage grounded neutral circuits on wood 
using H frame construction the expulsion protective 
gaps may be mounted as shown in Fig. 8 with the metal 
support for the expulsion gaps grounded. Where ground 
resistances are high the circuits of Figs. 2A or 25 may be 
used. 

If the circuit is on steel and has a ground wire it is 
probable that in most cases an expulsion gap will be 
found with the proper maximum and minimum current 
ratings, but if no ground wire is present tower ground 
resistances may in some cases be so high as to limit the 
current to a value which a tube, suitable for phase-to- 
phase operation, could not extinguish. In such a case 
it may be expedient to lower the ground resistance. 

Two methods of mounting expulsion protective gaps 
in towers are shown in Fig. 3. The circuit on the left 
side of the tower makes use of two tubes mounted on the 
insulator string, while the circuit on the right employs 
expulsion gaps mounted on the arm below. 

From the point of view of preventing interruptions to 
service due to lightning it is believed that the expulsion 
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gap will give a performance equal to that expected of the 
ground wire, with low tower footing resistance, with per- 
haps the exception of the direct stroke to midspan. If 
ground wires are provided it is not necessary to have low 
tower footing resistance if the expulsion protective gap 
is used. On the other hand, if ground wires are not used 
the tower footing resistance must be low enough to per- 
mit sufficient current to flow to operate the expulsion 
gap. Economics and the service performed by the ex- 
pulsion protective gap will determine its place among 
the various schemes of protection of transmission lines. 
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PROTECTIVE is 


EXPULSION 
PROTECTIVE 


Fig. 3—SuHowine Two 

Metuops or MovnTine 

EXPULSION PROTECTIVE 
Gaps 


When the factor of safety between the expulsion gap 
and the line insulation is not great, as in the case of steel 
tower lines, an expulsion gap on one tower will not offer 
any appreciable protection to insulation on adjoining 
towers. However, with wood pole lines where the insu- 
lation may be high, the expulsion gap will offer con- 
siderable protection to insulation on adjacent structures. 
This means that on wood pole lines considerable im- 
provement may be expected if the gaps are installed on 
alternate structures, although equal performance on the 
steel tower line probably would require a gap on each 
structure. Service experience indicates a considerable 
degree of protection at distances as great as 1,000 ft to 
2,500 ft on H frame lines. 

When the gap operates on high current near its upper 
limit there is a certain erosion which increases the bore 
of the tube, and which has the effect of increasing both 
the high and low current rating of the tube. The amount 
of erosion is such that the life of the expulsion gap will 
generally be limited by its weathering rather than by the 
results of electrical discharge. As the result of discharge 
there is some burning of the electrodes also but this is 
not sufficient to result in any appreciable increase in 
gap length throughout the life of the tube. 
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It is possible that some of the lower current rated 
tubes may be destroyed by the severest of direct 
strokes, although these tubes have withstood, with no 
distress whatever, the maximum laboratory impulses 
which we have been able to produce. 


FIELD TESTS ON 138-Kv EXPULSION PROTECTIVE GAPS 


The performance of the expulsion protective gap 
having indicated, on laboratory tests, its ability both to 
protect insulators against lightning flashover and also 
to interrupt power current, it was arranged to conduct 
staged field tests with the device on a 182-kv system 
where it would be called upon to interrupt short-circuit 
currents on an operating system fed by a large kva 
generating capacity. These tests were made in Septem- 
ber 1932 at the Glen Lyn, West Virginia generating 
plant of the Appalachian Electric Power Company, 
representatives of the American Gas and Electric 
Company, the General Electric Company, and the 
power company cooperating in the work. 

System On Which Tests Were Made. The one line 
diagram of the 182-kv system at Glen Lyn, where the 
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tests were conducted together with the outgoing lines 
tying in with the American Gas and. Electric Company 
interconnected 132-kv system, is shown in Fig. 4. The 
range of short-circuit currents (one phase to ground), 
possible at Glen Lyn, under different generator capacity 
at Glen Lyn and different switching arrangement of 
lines, was from 570 to 3,100 amperes symmetrical rm 
Further calculations showed from 50 to 75 per cen 
of this current was supplied by the Glen Lyn machin: 


September 1933 


the balance being supplied from the interconnected 
system. 

Description of Expulsion Protective Gaps Tested. The 
expulsion protective gaps tested were of the design 
shown in Fig. 1. Both single and double internal gap 
assemblies were used, the majority of the tests, however, 
being made on the two internal gap design. Provision 
was made to alter the length of internal gaps, tube 
diameter, and method of venting the tubes as the testing 
progressed. The overall length of the double gap tube 
exclusive of the arcing horn was approximately 7 ft, 
and of the single gap tube 5 ft. 
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Field Test Setup. For convenience of handling and 
observation, the tube assembly was mounted rigidly on 
a wooden post, with the bottom end of the tube 
grounded and about 3 ft above the ground. At the top 
end of the tube an external gap of approximately 10 in. 
(to the line conductor) was provided. The tube was 
mounted about 30 degrees to the vertical, which was the 
position considered if the tube later were actually in- 
stalled permanently on the steel transmission towers, 
similar to that illustrated in the right of Fig. 3. The 
tube setup taken during one of the tests is shown in 
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Fig. 5. In this illustration the expulsion gap is shown 
in its normal position, although for most of the tests the 
tube was inverted in order that the internal tube pres- 
sure at the normal line end of the tube might be 
measured. The pressure recorder is protected by a 
metal hood in the illustration. 

Since impulse voltage was not available for breaking 
down the internal and external gaps on test, these gaps 
were short-circuited with 12 mil lead-tin fuse wire, and 
in test No. 41 three strands of this wire were used in 
parallel. While the presence of this wire in the internal 
gaps may not have seriously interfered with the normal 
performance of the tube in clearing the power are, the 
existence of metallic vapor in the are, due to the 
presence of the fuse wire, would tend to increase the 
possibility of the expelled gases causing a power arc 
outside the tube to grounded structures. 

The short-circuit power are in the tube simulated 
conditions which will occur at the time of lightning 
discharge through the tube when applied to protecting 
a transmission against lightning outages. There was 
produced, in every case, a single-phase (76-kv) short cir- 
cuit through the tube to ground, the current being 
limited only by the reactance of the generators and line 
on the circuit, and the station ground resistance of 0.25 
ohms. 

Forty-one tests were made in all, forty with a setup 
similar to Fig. 5, and one with the tube mounted in a 
tower. Nine different combinations of tubes, internal 
gaps, and methods of venting were used. The tests 
included combinations of assemblies which were be- 
lieved not only to be within the limits of rating of the 
tube, but also well outside the tube rating to determine 
the current breaking limits of the tubes, and to study 
the various factors affecting them. 

Test Data and Results. The summarized test data are 
given in Table II. The important points brought out 
in these tests are as follows: 


1. Crest power currents as low as 615 amperes and as 
high as 6,700 amperes were broken successfully on a 
132-kv circuit (76 ft to ground) by the protective gaps 
in a time of from 0.37 to 0.88 cycles (based on 60 cycles 
per sec) without causing the oil circuit breaker to open. 


TABLE II—SUMMARIZED TEST DATA ON-138-KV EXPULSION PROTECTIVE GAPS 
Field Test at Glen Lyn 


Glen Lyn Miles of Calculated Measured Duration 
generator line from sym. rms crest amps. of current Line Tube 0.C.B 
Test No kva Glen Lyn s.c. amps! interrupted cycles? tripouts failures tripped 
rs 25 000 3 28 F ne Onsor2 22255 570 22a 1.230) (eee O49 XR eee OS ose OA ieee eee No. 
2-10. 1 250s 64 Obie ISOC en he, G50 ra 615: 603,300 27 ae 0: 48 to.ONSe <u eea: Onee ea ee oe Ok crore eee No. 
1ST OF ee ee ee 56,250 Se. ee TSO RAG. GiOxSecnr ee iT, 100 tout a0U. essence 0,53 10.0 s7Ocreee seer (ba elera apeate DK. cae tse No. 
(a0 TIMI Rada rs Rs. 5B: 2a ees 60), <5; Sees St AGO ses 1 2,050 to 2,850......... OLAS FO ON SS ae see see ee ee Oe INO: 
DAA GE ts eer eee SEiZ5O\.. . ciett-a secie (a ene ss LOO? oases 2500; 10:67 OO Fe. 2 bee oe O32 t00) 69 bese cons | eR eee ne Beka eae tae No. 
GP ee ee eee ee 56,250. sao se Oe aoe S100 eee rae 5900'S. Tae sone ihe Byet, abating se (pln Seeger Oe eee No. 
1Symmetrical rms short-circuit amperes calculated from system setup. 
2Tests on 60-cycle system. 


3Also one test each at 2.5, 4.5, and 8.0 cycles. Arc restruck in one case 134 cycles after clearing in 0.78 sec. 
4Two single internal gap tubes included in this group. 
» 5This test on tube mounted on a line tower. 
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2. These short-circuit currents were in every case 
broken by the gaps on the first major zero point of the 
current wave except in four cases. In 1 of these cases 
the are restruck 11% cycles after clearing 1,270 crest 
amperes but immediately cleared again in 0.36 cycles, 
the crest current on the second clearing being 470 
crest amperes. In the other 3 ceses where the arc was 
cleared in from 2.5 to 8 cycles, the interrupted current 
was outside the tube rating as was predicted before the 
test was made. 

3. The general design of the tube, as regards internal 
gap spacing, diameter, tube length, mechanical strength, 
and 60-cycle dry flashover appears to have been carried 
out in a manner which indicates the tube performance 
in service can be predicted with a reasonable assurance, 
and that it can be applied successfully to lightning pro- 
tection of 132-kv lines. 

4. The only tube which failed on test had an internal 
gap setting longer than is considered practical, in com- 
bination with the external gap, for protection of a 182- 
kv transmission line. Even in the case of this tube 
failure, where the tube burst, the short circuit was 
cleared by the tube, and the circuit did not trip. 

5. The maximum measured pressure inside the tube 
at the time of discharge was 7,000 lb per sq in. This 
indicates that consideration must be given to the 
balancing of the gas discharge paths to prevent undue 
stress and distortion of the tube and its mounting hard- 
ware, when the tube is applied practically to a trans- 
mission line. 

6. The performance of the expulsion gap does not 
appear to be affected appreciably by conducting the 
discharge gases from the tube through a length some 12 
in. to 18 in. of pipe, and even by changing the direction 
of gas flow by 90 degrees. This feature may be of con- 
siderable practical importance if, in certain applications 
of the expulsion gap, it becomes necessary to discharge 
the gases directionally or away from live circuits. 

7. The proximity of grounded structures to the path 
of the discharge gases, which caused some concern be- 
fore these tests were made, does not appear to be as 
serious as at first believed. During the tests a grounded 
metal plate was located 4 ft from the center discharge 
vent, and later at distances of 3 ft and 1% ft, without 
causing circuit flashover or affecting the tube per- 
formance. 

8. In the one test made on an expulsion protective 
gap mounted at a line tower, the short circuit cleared 
successfully, and without the discharge gases affecting 
any of the other phase wires of the circuit under test, 
or the phase wires of the other circuit which was alive 
and carrying load at the time. When the test circuit 
was cleared, after this test, the tube functioned again, 
indicating that the line switching surge had sufficient 
voltage to flash over the external gap in combination 
with the internal gaps. It is proposed to prevent this 
kind of abnormal operation by increasing the external 
gap, which can readily be done. 
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9. The maximum number of times any one tube in- 
terrupted short-circuit current on these tests was eleven. 
This under normal service conditions on a line, might 
correspond to a number of years of actual service. After 
the 11th test the tube was carefully examined and no 
visible deterioration was observed beyond a slight in- 
ternal erosion. While no information is available as to 
the ultimate life of the tube in service, it appears at 
present that this feature will not retard the practical 
application of the tube for lightning protection. 

10. If fast relays are employed, the relay time will 
have to be increased on circuits where expulsion pro- 
tective gaps are employed to prevent the circuit relay- 
ing out. On this group of tests, relay targets (showing 
relay plungers had moved to a point sufficient to set 
the target) showed in 38 of the 41 tests. In 10 of the 
tests, the fast relays actually closed, tripping the cir- 
cuit, although the short circuit had actually been cleared 
by the expulsion gap as evidenced by the oscillograms. 
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Typical tube operations at the time of tube function- 
ing are shown in Figs. 5 and 6. The corresponding 
power currents interrupted are shown in Fig. 7, test’ 
Nos. 20 and 26. | 

Fig. 5 shows the expulsion gap with middle vents 
restricted by two 1-ft pipes and bottom vent restricted 
with a 90 degree elbow and a 1-ft pipe, successfully in- 
terrupting in 0.65 cycles 2,850 crest amperes (single- 
phase to ground) short-circuit current on the 132-ky 
system. A medium discharge is visible from the middle 
and bottom vents. The arc at the top of the tube is the 
power arc in the external gap. The record of short- 
circuit current on this test is shown in Fig. 7, test No. 20. 

Fig. 6 shows the test of an expulsion gap without the 
restricting vents, breaking 6,700 crest amperes. Th 
tube on this test has been mounted with the normall 
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grounded discharge end on the line side (for convenience 
in measuring internal tube pressure). The conical dis- 
charge at the top, therefore, normally would discharge 
at the ground end, away from the insulator string where 
it would cause no hazard to insulator flashover. This 
picture, being taken at night, shows the discharge more 
plainly than the somewhat lighter discharge shown in 
Fig. 5. The oscillogram of current interrupted is shown 
in Fig. 7, test No. 26. 

The expulsion gap was mounted on a tower, and suc- 
cessfully discharged a crest current of 5,900 amperes. 
The current record is shown in Fig. 7, test No. 41. 


Summary of Field Tests. While this series of field 
tests on the expulsion protective gap was not extended 
to determine all the limiting factors and to just what 
extent they are involved in the design and performance 
of the tubes, sufficient data were obtained to indicate 
that the tube, in its present state of development for 
132-kv lines, deserves serious consideration as a practi- 
cal device in rendering a transmission line lightning 
proof. 


SERVICE EXPERIENCE 


Much of the operation experience to date has been 
secured by the Arkansas Power & Light Company 
on 110-kv lines. Unfortunately few new lines have 
been constructed during the past three years, few im- 
provements to existing construction have been under- 
taken and research has been correspondingly curtailed. 
The amount and range of experience data are, therefore, 
much more limited than normally would have been 
expected or should be available if the expulsion gap 
could have been adequately developed and its merits 
fully realized. 

Camden-Magnolia 110-Kv Line. Probably the earliest 
installation of expulsion gaps (then called are inter- 
rupters) was on the Camden-Magnolia 110-kv line of 
the Arkansas Power & Light Company.! These gaps 
were manufactured in the field by using blown expulsion 
fuse tubes. One end was closed by a metal cap and into 
the open end was inserted a wire electrode of such length 
that the internal gap in the tube was approximately 80 
per cent of the length of the fiber. For the 69-kv tubes 
used on this 110-kv line the length of fiber is 44 in., 
length of internal gap 30 in., and bore 5/8 in. 

The methods employed for mounting the expulsion 
gaps are illustrated by Figs. 8 and 9. On the two pole 
structures the gaps are clamped to a light channel by 
means of U bolts, the channel being grounded. The air 
gap between conductor clamp and end of the tube is 5 
ft. The 7-ft crossarm and 12-ft section of pole are in 
series with the 6 insulator units. This arrangement does 
not provide a very great margin for lightning flashover 
by the expulsion gap route as compared with the 
insulator, crossarm and pole section,? however, it has 
functioned successfully since crossarms and poles have 

not been damaged. 
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On the 8 pole angle structures the expulsion gaps were 
placed in the protecting horn gaps which were installed 
on the poles with the original construction for protecting 
the long wood guy insulators. This method of mounting 
has the disadvantage that insulator flashover occurs, 
whereas it would be preferable for the flashes to be 
direct from the conductor to the ends of the tubes. 
Such a design would relatively be simple though usually 
it would be necessary to compensate for variations in the 
conductor position. 

The operating results secured on this 28-mile line 
have been very illuminating as well as successful. 
Originally the drain points were spaced at about 2-mile 
intervals, part of them employing conventional expul- 
sion fuses and part expulsion gaps. Several successful 
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operations were recorded without corresponding line 
tripout. Flashovers phase-to-phase and to ground oc- 
curred between drain points though the full insulation 
in the poles and crossarms was utilized. In 1930 on 
the central 9-mile. section of the line, all guys and 
drain points were removed in order to secure the 
maximum lightning insulation possible for making 
lightning voltage measurements.! On the two end sec- 
tions the spacing of the expulsion gap installations was 
decreased to one mile, then to one-half mile in the same 
year. During the 21% years since, the expulsion gaps 
on the protected sections are credited with 21 success- 
ful operations without line tripout and 2 failures to 
function have occurred. 

Waterville-Arlington 110-Kv Line. The second ex- 
perimental installation was in 1931 on a 10-mile section 
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of a 50-mile line of the Tennessee Public Service Com- 
pany. In the original construction of the line, 24-ft 
wood guy insulators were employed and pole protecting 
horns were installed on each structure. This extremely 
high lightning insulation has not been effective in re- 
ducing the number of flashovers* and the application 
of expulsion gaps indicates the greatest promise for 
effecting improvement. Expulsion gaps are installed on 
about every third structure as it had been learned from 
the experience of the Arkansas Power & Light Company 
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as well as other observations, that on H frame wood 
construction, lightning can be expected to travel as 
much as 1,000 ft to 1,500 ft to discharge at relatively 
low insulation drain points rather than flashing the 
entire length of the pole and crossarm at intermediate 
structures. These installations are also similar to Figs. 
8 and 9 except that on the two pole structures the gap 
in series with the expulsion gap is 2 ft instead of 5 ft. 
Also the pole grounding wire is extended as a bayonet 
above the poles to protect the crossarms and poles from 
direct strokes to the structure. 

In the 14% years 4 operations have been recorded 
only 1 of which is credited as being successful. In 
3 cases tube failures occurred which were not entirely 
unexpected as the three-phase symmetrical short-circuit 
kva was approximately 500,000 kva and the tubes 
would probably be rated more nearly one-half of this 
value. However, the installation is experimental and 
that is one of the things desired to be learned. Ground- 
ing resistance values are high on this particular line, 
generally limiting the single phase-to-ground fault 
currents to a fraction of the phase faults. For success- 
ful application of expulsion gaps it, no doubt, will re- 
quire a combination of high interrupting capacity phase 
gaps and low interrupting capacity grounding gaps as 
illustrated by Fig. 2B. 
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Carpenter-Pine Bluff 110-Kv Line. In October, 1931 
the Carpenter-Pine Bluff 65-mile line of the Arkansas 
Power & Light Company was placed in service. In 
order to secure as positive a demonstration as practi- 
cable of the merits of the expulsion gap and drainage 
scheme, gaps were installed on every structure. One- 
half of the line employs series gaps of 5 ft and the 7 ft 
crossarm and pole section as illustrated by Fig. 8, the 
other half, a 2-ft series gap and the crossarm. The angle 
structures are similar to Fig. 9. Again the expulsion 
gaps were made up from conventional expulsion fuse 
tubes with the upper end capped and the electrode in- 
serted into the open lower end. 

The operation of this line has been quite successful. 
During one year the expulsion gaps have been credited 
with 10 successful operations and 4 failures. In three 
instances the tubes failed, either skyrocketing out of the 
U bolt clamps or bursting. In the fourth case a 
structure evidently was struck by lightning resulting 
in a flash along the crossarm. 

The failure of the tubes was ascribed to insufficient 
interrupting capacity and to the obstruction to the 
opening by the lower electrodes, also to the paper wads 
used as operation indicators. The electrodes since have 
been replaced with smaller wire and cork indicators 
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substituted. Since these changes no tripouts of the 
line due to lightning have been recorded in 7 months’ 
operation though lightning storms over the line have 
occurred. However, an examination of the gap opera- 
tion indicators had not been made. 4 

Further development of the device indicates that it 
would have been preferable to leave the lower end of the 
tube open and attach the long electrode to the cap 
illustrated by Fig. 1. Another scheme being exper! 
mented with as an indicator is to bend a light lead stri 
across the open end of the tube. 
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Pine Bluff-Latile Rock 110-Kv Line. Another 110-kv 
45-mile line of the Arkansas Power & Light Company 
with expulsion gap installations at about one-half mile 
intervals has not performed as well as the two lines 


described. On this line failures of the tubes and their 


structures. 


r 


mountings have been more numerous. These also have 
been improved and better performance is indicated. 
Six tripouts occurred in about two-thirds of a lightning 
season, though about twice this many would be ex- 
pected based upon the record for the line during pre- 
vious years and other lines in 1932. 

13.8-Kv Installation. Only a very limited applica- 
tion of expulsion gaps has been made as yet in the lower 
voltages. The possibilities for accomplishing improved 
line performance by the use of gaps is perhaps even 
greater in this class of construction than for the higher 
voltage transmission lines. Particularly is this the case 
since overhead ground wires are hardly applicable on 
account of the high lightning insulation and other 
features required for their successful operation. Fig. 10 
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illustrates a typical experimental 13.8-kv installation of 
the Dallas Power & Light Company. No operating 
experience had been secured at the time of preparing this 
paper, from this or the few other installations which 
were made in 1932. 


RESULTS 


The results indicate very definitely that the expulsion 
gap properly developed and applied has great promise 
for minimizing line tripouts due to lightning. Particu- 
larly would they seem applicable on wood construction 
and on lines where conditions are not favorable to the 
functioning of overhead ground wires. Considerable 
improvement in performance is indicated on wood lines 
with expulsion gap installations spaced 2,000 ft to 3,000 
ft, provided very high lightning insulation is maintained 
phase-to-ground and phase-to-phase at all intermediate 
On steel or bonded and grounded hard- 
ware construction, gaps will be required at every struc- 
ture to be effective. The insulations which can be pro- 
tected should be about as shown by Table I. Reasonably 
accurate knowledge concerning minimum as well as 
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maximum fault currents are essential and in many cases 
it may be necessary to use the multiplex scheme as 
illustrated by Fig. 2B. 

Operation of the expulsion gaps is extremely rapid 
and with the application of high speed relays it will 
be necessary to introduce possibly 3 or 4 cycles to 
permit of gap operation without relay action. 

Expulsion gaps as at present developed with their 
series air gaps are not generally applicable for the pro- 
tection of conventional substation and apparatus insu- 
lations. It should be noted, however, that the magni- 
tude of the lightning voltages transmitted to stations 
can be limited to rather low values, by the use of ex- 
pulsion gaps. 

During the experimental stages in the application of 
expulsion gaps some simple means for detecting opera- 
tion of the tubes is advisable in order to secure depend- 
able experience data. A flexible metal target is now 
available which gives an indication when the tube has 
functioned. 
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Discussion 


L. V. Bewley: This discussion is concerned primarily with the 
effect of tower footing resistance on the operation of the expul- 
sion protective gap. These gaps have an upper and a lower 
current limit; in the present designs the span of these limits being 
from about 4:1 to 10:1. It is therefore essential to select gaps for 
a given system such that: 

1. The maximum system short-circuit current is less than the 
upper limit of the gap, for if it exceeds this limit the gap is liable 
to burst. 
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2. The current permitted by the tower footing resistance is 
greater than the lower current limit, for if less than the minimum 
value the follow current will be insufficient to extinguish the are, 
and a circuit interruption will result. 

3. The number of gaps involved by a single lightning discharge 
shall be limited by the tower footing resistance so that the cur- 
rent per gap delivered by the faulted system will exceed the 
minimum current rating of the gap, and therefore extinguish the 
are. 

From the last two considerations it is seen that the tower 
footing resistances may play a vital part in the proper functioning 
of the expulsion gap, and they cannot be neglected; although it 
is by no means necessary to reduce them to the low values re- 
quired for an effective ground wire installation. 
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In Fig. 1 there is shown the effect of tower footing resistances 
and subsequent gap sparkover in limiting the wave crest on a line 
equipped with expulsion gaps. The successive reflections that 
constitute these waves may be calculated by means of the lattice 
given at the top of the figure. It is evident that the gaps on 
adjacent towers will flash over in succession as long as the ad- 
vancing wave crest exceeds their sparkover value. Therefore, 
in order to limit the number of gaps involved by a single light- 
ning wave, the tower footing resistance must be kept within 
bounds, for otherwise the follow current per gap will not be 
sufficient to clear the are. If the lightning bolt surge impedance 
is Zo, the incident wave of the stroke is e) and the footing resis- 
tance R, then at the nth adjacent tower at which a gap flashover 
occurs the advancing wave crest is reduced to 


v= or(rn = (- 2R ) ( 2Z Reo ) 


2kR+2Z ZZ + (224) + Z)R 


When this becomes less than the minimum voltage V at which the 
gap will spark over with the type of wave involved, no more gaps 
will flash over. The total number of gaps involved (counting both 
ways from the stricken tower) is therefore (2n + 1). 

The above equation has been plotted in Fig. 2. For example, 
in an extreme case if ¢, = 10 x 10°, V = 1 X 10°, and R = 600 
ohms then 13 gaps will be involved. The number of gaps per- 


GROSS AND MELVIN 


Transactions A.I.E.E. 


mitted to spark over for a given lightning stroke should be less 
than the ratio 


maximum current rating of gap ) 
minimum current rating of gap 


In most practical cases not more than 3 adjacent gaps will be 
simultaneously involved. 

In the neighborhood of the station it is advisable to reduce the 
tower footing resistances to very low values—of the order of a 
few ohms—for by so doing the duty on the station protective 
devices will be minimized. 

V. M. Montsinger: The writer discusses the expulsion gap 
from the standpoint of coordination of station apparatus. It 
should be remembered that the expulsion protective gap is in- 
tended for the protection of line insulation against outages and 
not as a protective device to station apparatus. KHven the co- 
ordination gap should not be looked upon as a protective device, 
because its impulse voltage level is not really low enough for this 
purpose. The real function of the coordination gap is to serve as 
the last line of defense in case the real protective device, like the 
lightning arrester or overhead ground wire, should permit a 
dangerous voltage to get by. Therefore, for the expulsion gap 
to serve as a protective device it must meet two requirements 
which up to the present time it does not appear to meet. First, it 
should be capable of keeping the incoming impulse voltage con- 
siderably below the coordination gap level, and second, it should 
be absolutely reliable and fixed in its flashover characteristics. 
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With reference to its impulse level, referring to the right hand 
column in Table I, it will be found that the rod gap spacings pro= 
tected by the expulsion gap are in every case higher than the 
coordination gaps recommended by the Transformer Subeom= 
mittee. The difference ranges from 614 to 18 per cent, with an 
average of about 10 per cent. 

With reference to its reliability, as pointed out in the paper, 
the present design of expulsion gap has several limitations. 
the current is too large it blows up. After receiving a certail 
number of shots it wears out. There is no certainty then that it 
will maintain its original flashover characteristics. 

Not realizing the limitations of these expulsion gaps someone 
may attempt to use them in establishing coordination of static 
apparatus. While it might be found possible to develop an @: 
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pulsion gap of the same impulse level as the coordination gap 
yet until one can be worked out to the same degree of reliability 
and sturdiness as a rod gap or ring gap it would not be suitable 
to take the place of the coordination gap. Or, if the insulation 
level of the station apparatus should be higher than the standard 
level by 10 per cent or more, it may be proposed to use the ex- 
pulsion gap as a coordination gap. Again, this is contingent on 
having a gap that will not change in its flashover values. 

In summing up then, the expulsion gap can not be used either 
as a protective device to station apparatus or as a regular co- 
ordination gap. 

A. M. Opsahl: Referring to Table I of the paper, the writer 
asks the authors what data were used in arriving at the maxi- 
mum and minimum current rating. Were these tests made on a 
laboratory circuit where the current is limited very largely by 
reactance without any shunting resistance to stimulate the effect 
of a line? Do these current values give the maximum and the 
minimum symmetrical current values for which the equipment 
was adjusted or is the maximum value the full unsymmetrical 
value of current that the unit will interrupt? 

It seems that there is an inconsistency in the table of insula- 
tion which the authors state the units will protect. For instance, 
in the 115-kvy rating, a 35-inch rod gap and 7 of the 534 spaced 
suspension insulators can be protected. If negative impulses or 
surges are assumed these 2 will flash over at very much the 
same value. However, on positive surges, the 35-inch rod gap is 
equivalent to about 6 of the suspension insulators, or if 7 of the 
suspension insulators are required, it would be necessary to have 
approximately a 43-inch rod gap to give equivalent fiashover. 
Is the suspension insulator string the measure of the flashover 
voltage of their protector or is the 35-inch rod gap the measure 
of the protection which the unit will afford on both positive and 
negative wave? 

Philip Sporn: Since the largest number of line faults on 
modern high voltage lines are due to the effects of lightning, any 
means of reducing the duration of these faults to a time below 
that required for a circuit breaker to open will of necessity better 
line performance as it affects voltage conditions on the line, sys- 
tem stability, and uninterrupted service. 

While laboratory and field tests on the expulsion protective 
gap have not been earried to the point of obtaining complete 
knowledge of the gap. performance under all conditions, these 
tests do indicate that the gap is capable of supplying a very high 

degree of protection against line flashover and also a reliable 
means of interrupting fault currents on an actual power system, 
if properly applied. Whether the expulsion protective gap, as at 
present designed, will stand up in service when subjected to 
weathering and the elements can only be determined by ex- 
perience. 

The preliminary tests on the 132-kv expulsion protective gaps 
gave such promise that it was decided this year to make an 
experimental installation of these gaps on one of the lines of the 
American Gas and Electric Company. The 65-mile, 2-circuit, 
steel tower Glenlyn-Roanoke line was chosen for the installation. 
The gaps are being installed on all three phases of one circuit at 
each tower. This installation is now in progress; and it is ex- 
pected it will be completed in time to obtain considerable ex- 
perience with the gaps during the present lightning season. 


The physical application of these expulsion protective gaps 
to all insulator assemblies of a 132-kv transmission line becomes 
areal problem. Reference to Fig. 3 of the authors’ paper indi- 
eates (on the right-hand side of the illustration) the complica- 
tions involved in mounting the gaps on all three phases of the one 
circuit. The actual structural details of the mounting, as well as 
alterations required in the tower structure become rather com- 
plicated. Besides the problem of complications involved in 

applying the protective gaps to the line, there is also the problem 
of keeping a tower structure clear and open for purposes of line 
tion, maintenance, and repair. The cluttering up of a 
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tower itself with additional structural members as well as the 
protective tube gap itself may well prove a hazard exceeded only 
by the hazard the installation of the tube is intended to remove. 
Considerable thought must, therefore, be given to the application 
of these expulsion protective gaps to a high voltage line. | 

A careful study of installation details was given, in considering 
the protective gaps for the Glenlyn-Roanoke line, with the 
result that a scheme was developed for mounting the gaps on the 
insulator hardware and assemblies, independent of any mechani- 
cal support direct to the tower structure. The advantages of 
mounting the expulsion protective gaps in this manner will be 
apparent to any one having any close connection with the opera- 
tion and maintenance of transmission tower structures. Later 
on, an arrangement as shown in Fig. 3 (left-hand illustration) of 
the authors’ paper was worked out. 


In the actual field installation of expulsion protective gaps 
now being made on the Glenlyn-Roanoke 132-ky line, 3 methods 
of gap mounting are being used; first, the single angle mounting 
of the gap on the structure, second, the mounting of the gap on 
the insulator assembly, and third, a modification of this second 
design shown in Fig. 3 where the gap is mounted in 2 parts on 
the insulator assembly. The purpose of using all 3 methods of 
mounting the protective gaps was to determine, from the very 
start, the actual operating performance of the 3 types of mount- 
ing and their relative advantages and disadvantages. 

The operation of this installation of 132-kv expulsion pro- 
tective gaps on the Glenlyn-Roanoke line will carefully be 
watched not only from the point of view of the performance of 
the tube in protecting the line against lightning flashover and 
interrupting power current, but also the tube’s ability to with- 
stand weather, the elements, and the best way of mounting it. 
Successful operation of the expulsion protective gap in actual 
service over a period of time, will, it is believed, be a distinct 
step forward in applying practical lightning protection to high 
voltage lines, and particularly, to lines in heavy lightning terri- 
tory or in territory of high ground resistance. 

L. L. Perry: The service records of the 132-kv lines of the 
system as discussed by Mr. Sporn, show very clearly that light- 
ning in some localities is a much greater hazard than in others. 
Hence, in the worst lightning territory, devices like those now 
on trial may prove to be decidedly economic, whereas the same 
devices may be elsewhere—say on the western mountain slopes 
of California, extravagant and hazardous. 


Howard S. Phelps: Where the use of expulsion protective 
gaps is being considered serious attention must be given to the 
warning given in the paper where it is stated that ‘“‘during the 
operation of the expulsion gap pressure is developed within the 
tube which, if too great, will burst the tube and if too small 
allows the power are to continue.’’ These limitations are es- 
pecially important in the case of systems where different switch- 
ing set-ups permit supplying energy to a given point from dif- 
ferent sources or even the same source but over different routes. 
Obviously, under such conditions the short circuit kilovolt- 
ampere for a given set-up may exceed the capacity of the ex- 
pulsion tubes while for a different set-up the short circuit kila- 
voltampere may be inadequate for proper functioning of the 
protective devices. 

The estimate by the authors that the effectiveness of this 
scheme of protection probably is equal to that expected of the 
ground wire with low tower footing resistance provides a means 
by which one may compare costs of the two protective schemes in 
terms of effectiveness. 

It will be interesting to learn what further operating experience 
discloses concerning this scheme of protection against lightning 
disturbances. 

K. B. McEachron: The data given in Table I represent a 
composite of data taken both in the laboratory and in the field, 
which include the effect of the transmission line. 
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The maximum and minimum current values are based on the 
actual tube currents for which the expulsion protective gaps are 
designed. 

Table I also shows the number of insulators and spacing of 
rod gap which can be protected by the expulsion gap of a given 
rating. Because a 115-kv tube can protect a 7-unit string and 
also a 35-in. rod, it does not necessarily follow that the 35-in. rod 
gap and the 7-unit string are equivalent. The volt-time curve 
for the expulsion gap is not the same as that of the rod gap or 
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the insulator string and differences appear because of polarity. 
However, to avoid the necessity of specifying an exact wave and 
its polarity, the margin between the expulsion gaps and the 
flashover of insulator strings and rod gaps was made large enough 
to absorb the variations due to these factors. As a result an 
expulsion gap listed as protecting a 7-unit string may under some 
conditions protect a 6-unit string but not for all conditions. 
This method of expressing performance appears to be commend- 
able on account of its simplicity. 
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The Deion Flashover Protector 
and Its Application to Transmission Lines 


BY A. M. OPSAHL* 


Associate, A.I.E.E. 


Synopsis.—The deion flashover protector is a device intended for 
the protection of insulation such as used on transmission lines. In 
operation the lightning discharge passes through the device and the 
resulting power arc is extinguished without causing a system dis- 
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turbance. Applications must be based on the surge flashover of the 
insulation to be protected, the system fault current, and the voltage 


at which that current must be interrupted. 
ee RE ret ee ot 


GENERAL 


N power transmission lines a flashover due to 
lightning usually results in a power arc and a line 
outage. The deion flashover protector provides a 

path for the spark where the resulting power arc can be 
extinguished.' Electrodes within a tube serve as spark 
and arc terminals. The walls of the tube are made of 
such material that the are generates a gas which assists 
in extinguishing the arc. An external air gap usually is 
placed between the tube and the line. 

This flashover protector can operate a number of 
times in succession without maintenance. A device 
requiring the renewal of a fuse would be inoperative in 
case of a repeated stroke. From photographs of light- 
ning taken with a moving camera it would seem that 
multiple strokes within a second are quite possible. 


FLASHOVER CHARACTERISTICS OF PROTECTORS AND 
LINE INSULATION 


The flashover protectors show a very short time lag of 
breakdown. When raising the surge voltage applied to 
the protector and its air gap by small increments, break- 
down either does not occur at all or it occurs usually less 
than 4 microseconds. Ifa sufficient number of shots are 
taken in this narrow voltage range, some larger time 
lags may be observed. The curve in Fig. 1 shows the 
complete time-lag curve on a 1.5-40 microsecond wave. 
In the same figure are time lag curves of a pin insulator 
and a rod gap having the same minimum surge flash- 
over. From these curves it could be assumed that with 
three such breakdown paths in parallel a lightning surge 
of the above length or shorter any discharge would take 
place through the protector as it takes a longer time for 
the spark to form around the insulator or in the rod gap. 
Practically it is difficult to maintain such a fine balance; 
so the protected insulation must have a higher minimum 
surge flashover than the protector with its external air 
gap. 

If the pin of this insulator is supported on wood the 
surge flashover can be increased.** At best the flashover 
to ground is raised to that of the air gap between line 
and the nearest metallic object held at ground poten- 


_ *Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

1,2. Forreferences see bibliography. 

Presented at the summer convention of the A.I.E.E., Chicago, 
Illinois, June 26-80, 1933. 
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tial. To gain this increase in flashover, the wood arm 
or air gap clearances must not be bridged by metal 
crossarm braces, guy wires or other metallic fittings. 
Increasing the surge flashover of a line by the use of 
wood will decrease outages but high surge voltages are 
found to split arms, pole and guys.?+ The flashover 
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A. Deion flashover protector 
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protector applied at any point will discharge these high 
surges, interrupt the power arc and prevent damage to 
that structure. 


POWER INTERRUPTION 


The probability of a power arc forming in any path 
after a surge flashover seems to be a function of the 
length and surroundings of the path, the power circuit, 
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the point on the power cycle at which the surge occurs 
and the duration of the surge current.7"" However, it 
is known that lightning flashovers have resulted in 
power arcs over most if not all of the present types of 
transmission line insulation. After a power are has been 
established it may extinguish at the first current zero; 


895 


896 


assume as in Fig. 2 that the surge occurs at the crest of 
the power voltage. The first half cycle of current lags 
the generated voltage by 90 degrees as we assume that 
the current is limited by reactance alone. At the first 
current zero, if the arc is to extinguish, the arc gases 
must withstand the crest of generated voltage im- 
mediately, except as modified by the transient dis- 
turbance. 

If a comparison be made between an arc in the open 
and an arc within gas forming walls of suitable dimen- 
sions it is found that the open arc length must be some 
twenty times as great in order to interrupt the same cur- 
rent at the same voltage. The reason for the better 
extinguishing characteristics of the enclosed arc is the 
turbulent mixing of the relatively cool and un-ionized 
gas from the walls of the enclosure with the arc gases.® 
This cool gas splits up the are into many small filament- 
like arcs. These filaments are then surrounded by 
relatively un-ionized gas into which ions continuously 
diffuse. At instant of current zero the ions from the are 
filament diffuses into the space surrounding it and 
forms a column of gas of relatively low ionic-density 
having a fairly high dielectric strength. When the rate 
of increase of dielectric strength is greater than the rate 
of voltage application the are does not reignite. 


RECOVERY VOLTAGE! 18 


Assume a single line-to-ground fault limited by trans- 
former reactance as in Fig. 3. At current zero as in 
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Fig. 2 the voltage attempts to rise immediately to the 
crest of line-to-ground generated voltage. Before this 
change in voltage can occur the electrostatic capacity 
of lines and equipment must be charged through the 
reactance of the system. 

The two extreme conditions are shown in Fig. 4. 
Where the line or lines are short and the transformer 
reactance high the recovery voltage appearing across the 
fault is equivalent to the voltage across a capacity 
charged through a reactance asin Fig.4A. The recovery 
voltage is oscillatory and may rise to twice generated 
voltage plus an amount due to are voltage. Where the 
line or lines are infinite in length, the recovery voltage 
is equivalent to the voltage across a resistor equal to 
line surge impedance when a constant voltage FH is ap- 
plied through the transformer reactance as in Fig. 4B. 
Each overhead line has about 500 ohms surge im- 
pedance. Where lines are finite in length a reflection 
from the open end results in an overvoltage as in Fig. 
48. It is apparent that, due to the reflection the result- 
ant voltage transient approaches the one analyzed in 
Fig. 44. Both methods of analysis most obviously lead 
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to the same result, and, for practical purposes it is in 
nearly all cases sufficient to calculate the rate of re- 
covery assuming a lumped line capacity. 

The theoretical maximum overvoltage due to oscil- 
lations is reduced usually by the damping of the system. 
Obviously the flashover protectors are connected always 
between a line and ground or line-to-line not in series 
with the line so that any benefit due to the reduction in 
rate of recovery voltage always is effective. 
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Where the protectors are installed on a line it is not 
always possible to obtain a negligible ground resistance. 
The power current following the discharge of a single 
protector is limited by this resistance as well as the sys- 
tem reactance. The current being more nearly in phase 
with the voltage, the recovery voltage rises abruptly to 
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Fra. 5—Power INTERRUPTION OscILLOGRAMS OF A SYMMETRICAL 
CURRENT AND AN ALMOST COMPLETED UNSYMMETRICAL CURRENT 


something less than the crest of normal line-to-ground 
voltage. This is favorable. However, when two pro- 
tectors connected to a common ground discharge 
simultaneously, the first unit to interrupt power current 
may be required to withstand power voltage equal to 
normal line-to-line not line-to-ground voltage even on 
solidly-grounded neutral system. This is true 
cause the protector that still is carrying current ca’ 
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the ground electrode to rise in potential nearly to that 
of the lines still grounded, thus throwing full line-to- 
line potential across the protector that has just cleared. 
In applying these devices to low voltage lines with 
relatively high fault currents this fault resistance effect 
must be taken into account so that a properly rated unit 
will be applied. 

In Fig. 5 are shown 2 oscillograms of current inter- 
ruption at the first current zero. Although 1 current 
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wave was displaced almost completely, the recovery 
voltage also was to the crest of line-to-ground voltage, 
not some lower value. This being the case it must be 
assumed that it is possible for the recovery voltage to 
rise. abruptly to a value above line-to-ground voltage 
across the first of the two protectors to interrupt. 

As a basis for rating, the protectors are tested for 
power interruption characteristic in the laboratory 
where the arc is started by a fine wire. The recovery 
voltage is very rapid as no line is connected. If tests 
are made with 500 ohms in parallel to simulate a line 
of infinite length the range in current that can be inter- 
rupted is increased or the power voltage rating is raised. 

Due to the variations in system conditions it is felt that 
this latter method of rating the units is unduly opti- 
mistic and will lead to misapplications. 


MECHANICAL STRUCTURE 


The elements of the deion flashover protector are very 
simple. Two electrodes extend within a bone fiber 
tube assembly such that a surge voltage applied to 
either end will always result in a discharge within, not 
outside the tube. If the gases are vented only at one 
end a solid electrode is used at the other. High current 
tubes usually have a discharge path of circular section. 
Low current units have a discharge path of some form 
of slot. 

The slot will interrupt a greater range in current as 
the arc will be in intimate contact with the fiber over a 
wide range in arc section. The arc in around tube must 
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begin to fill the bore of the tube before it is in equally 
intimate contact with the walls. Different typical de- 
signs of fiber structure and electrodes are shown in 
Fig. 6. 

There is an air gap usually between the upper end of 
the protector unit and the line. This gap is of such a 
length that it will not discharge due to normal line-to- 
ground voltage. The mechanical support and arcing 
horn, if any, depend on the design of the structure 
supporting the line. Fig. 7 shows 3 units applied to a 
pole top switch. 


OPERATING LIMITS 


To protect a given insulating structure against flash- 
over a certain upper limit is set to the distance between 
inside electrodes. This limited internal gap determines 
the maximum power voltage this unit can clear after 
an operation, and also the range in power current that 
can be interrupted at that voltage.? Current limits are 
determined by the failure to interrupt or the bursting 
of the tube. Practically speaking, the higher voltage 
units require a ratio of about 3 to 1 in maximum to 
minimum fault current. This range can be increased 
where higher insulation permits a longer tube. 

The protectors do not have a low enough discharge 
voltage to protect so-called normal station insulation. 
They are being used to protect in surge proof distribu- 
tion transformers as these transformers have a very high 
ratio of impulse strength to operating voltage. 


Fig. 7—FLASHOVER ProtTEctors APPLIED TO A PoLE Top 
SwitcH : 


Transmission lines will flash over unless protected 
adequately by ground wires.* It is estimated that 
unless the line-to-ground wire flashover distance is 
greater than 8 ft it is not possible to prevent side flashes 
from the ground wire to the line. This eliminates most 
low voltage lines from such protection. High voltage 
lines already built may not adequately be protected by 
ground wires due to weak towers, inadequate clearances, 
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or high resistance grounding conditions. Lines that 
have reasonable insulation and fault circuit condition 
may be equipped with these protectors. Usually the 
difference between the flashover of the insulation and 
discharge voltage of the protector is small so that little 
protection is extended adjacent structures. Definite 
protection is afforded at the point of application; pro- 
tection at a distance is a function of the surge front, 
distance, ground resistance and the difference between 
protector discharge voltage and insulation flashover. 

Pole top switches, if operated open, cannot be im- 
proved greatly by over insulation to ground due to 
limited flash distance across the open switch. There- 
fore, they offer a good field of application for these 
devices. 


SERVICE APPLICATIONS 


Although the protector is a relatively new device, it 
already has had considerable service to demonstrate its 
practicability. One of the first lines which was equipped 
with this device is a 110-kv wooden pole line and the 
protectors were placed at regular intervals. In this 
case they had several years of service and although 
called upon to operate many times they have had a 
perfect record. A more recent application was made on 
a steel line of 66 kv. This line is 50 miles in length. 
The majority of line insulators are equipped with pro- 
tectors. Since this installation has been made no 
outages have resulted during lightning storms. In 
another 66-kv application a few of the units have failed 
mechanically. These units evidently cleared this cir- 
cuit before failure and did no damage. In this case it 
was noted that operating conditions were more severe 
than estimated when the application was made. This 
illustrates the care that must be exercised in making 
applications. There have been other protector applica- 
tions on 33-kv and 18.8-kv lines but the service in these 
instances has not been of sufficient length from which to 
draw definite conclusions. 
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Discussion 


R. E. Hellmund: Lightning arresters have been available for 
quite some time and have been used largely to protect station 
and distribution equipment. However, while the lack of pro- 
tection of the line as a whole resulted in outages, the cost of pro- 
tecting the entire line by lightning arresters was not justified 
economically. The significance of the availability of such in- 
expensive devices as described in the paper, together with the 
more general application of surge-protected distribution trans- 
formers, is that all exposed parts of the system can now be 
economically protected against surges. This, in turn, will of 
course greatly decrease outages and increase service reliability. 

It must be appreciated that there are limitations to the appli- 
cation of this device. For a given system voltage and power 
follow current at the point of application, there is a minimum 
surge flashover value for which the device can be designed, and 
to secure protection the flashover of the insulator string must be — 
greater than this value. When these requirements are met for — 
the higher operating voltages, the device is applicable only for — 
line protection, and normally designed station equipment still 
must be protected by suitable lightning arresters. 

It may be of interest to compare the trend of the developments _ 
along this line in this country with the entirely different means 
that have been employed in Europe to solve the same problem. 
There, in order to cope with the troubles caused by arcing to 
ground, ete., Petersen coils and other are-suppressing arrange- 
ments were introduced to a great extent. Naturally, such possi- - 
bilities were repeatedly considered in this country, but the appli- © 
cation of these are-suppressing coils was found difficult for various _ 
reasons and particularly on account of the greater complexity of . 
the American systems and the consequent difficulty of properly . 
tuning the coils. This, along with the great progress that has 
been made in this country in connection with are-deionizing 
devices, makes it quite logical that a solution was reached along 
the lines indicated in the paper. 

K. B. McEachron: The authors refer to the use of the pro- — 
tector for the protection of distribution transformers. While it — 
is true that the distribution transformer does have a high ratio — 
of impulse strength to operating voltage, yet it would seem that 
some form of arrester that holds the potential to 4 or 4% of that 
of the protector would be preferable on account of the additional 
factor of safety. It is well known that in service transformers 
may be subjected to conditions of operation which tend to 
decrease the strength of the insulation, indicating the desirability 
of as much margin between the protective level and the strengt , 
of the transformer as possible. 

Nothing is stated in the paper concerning the operation of th 
protector on ungrounded circuits. It would be of interest 
know what the authors would propose for the ungrounded eir 
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cuit. This point comes up frequently not only in connection with 
the higher voltage circuits but in relation to distribution circuits 
also. 

Howard S. Phelps: The discussion of the situation that exists 
upon interruption of power current by one of two protectors, 
connected to a common ground, which have functioned simul- 
taneously emphasizes the care that must be exercised when 
selecting protectors for low voltage lines capable of delivering 
high values of fault current. 

When more operating experience with deion flashover pro- 
tectors has been acquired it is hoped the authors will make this 
information available to the Institute and thus amplify the very 
meager service information appearing in their paper. 

J. Slepian: The origin of the deion flashover protector at the 
Westinghouse Company did not arise from any accidental dis- 
covery. Several years ago, Mr. Torok conceived his brilliant 
idea of combining the spark gap and expulsion fuse to make a 
device for protecting insulator strings from flashover due to 
lightning. The writer admired greatly his alertness in rec- 
ognizing how the special properties of insulator strings and 
transmission lines and the then newly discovered facts and 
theory of the extinction of a-c ares in self-generated gas blasts 
would fit together one with the other to permit the development 
of a new kind of protection against outages by lightning. The 
.writer gave his enthusiastic encouragement, and is highly grati- 
fied that success has crowned Mr. Torok’s work and that of his 
associates with a device that is so simple as to permit of almost 
universal application. 

The special property of insulator strings used in the deion flash- 
over protector is the high ratio of the impulse flashover voltage 
to the normal power voltage. If this ratio were much lower as 
in other apparatus it would be almost impossible to make a gap 
that will break down below the impulse flashover voltage, and 
yet interrupt an are maintained by the power voltage. 

The special properties of transmission lines made use of are 
the low ratio of the maximum short-circuit current to the mini- 
mum short-cireuit current, and the influence of the distributed 
capacity of the line in slowing up the voltage recovery transient 
following a current zero. The influence of the latter property 
of the slow recovery characteristic in shortening the are length 
required for a given power voltage is wellknown. But the former 
property also is very important for the extinction of an are in a 
self-generated gas blast as in an expulsion fuse. The length of 
tube required for a given voltage is very largely dependent on 
this ratio. Roughly we may say that the cross-section of the 
tube is determined from mechanical considerations, by the maxi- 
mum current that the tube must handle. With the given section, 
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the length of tube required depends on the minimum current to 
be interrupted, increasing as this minimum current decreases, 
down to a certain small current, for less than which the needed 
length of tube does not need to increase. For a given maximum 
current, the length of tube needed to be capable of interrupting 
all currents down to zero is very much greater than that needed 
if the minimum current is a considerable fraction of the maximum 
current. With the shorter tube to interrupt the power current, 
it is much easier to make a gap that will break down at suffi- 
ciently low impulse voltages. 

It may be seen, then, how the special properties of the pro- 
tected and protecting device cooperate to give the extremely 
simple and practical deion flashover protector. 

J.J. Torok: Mr. McKachron suggested that it would be 
desirable to reduce the protector breakdown potential to 14 or 4 
of the present unit, so that old transformers could be protected 
against lightning surges. A number of tests run on transformers 
that have been in service for a number of years and have not 
been abused showed a very high impulse strength. Apparently 
aging had no effect on the insulation. Since the distribution 
transformer insulation is operated at a very low gradient its life 
is not reduced by the operating voltage and with normal atten- 
tion the insulation should be good for the entire life of the trans- 
former. The impulse strength of the transformer on which pro- 
tectors are now used is several times the breakdown voltage of 
the protector. Should the effectiveness of the transformer insula- 
tion be reduced there still would be a margin between the break- 
down voltage of the protector and that of the insulation. 

Regarding ungrounded circuits where arcing grounds may be 
expected, the deion protectors used in transformers will operate 
very satisfactorily. The breakdown voltage of the deion gap 
is well above the voltage created by arcing grounds, so that 
there would be no tendency to set up a continuous areing within 
the deion protector. The deion gaps also are so designed that 
they will interrupt very low current ares. Thus even if the deion 
gap does operate, it will clear the circuit. 

The application of deion gaps to high voltage ungrounded sys- 
tems does present a number of difficulties; principally that of a 
very wide range of currents to be interrupted. In the case of a 
single line-to-ground operation the current to be interrupted 
merely is the charging current of the system. However, if the 
fault should be a double line-to-ground, the line-to-line currents 
relatively would be very high. To take care of this condition 
we have proposed a scheme similar to that shown in Fig. 2n of 
Mr. McEachron’s paper. Three tubes designed for heavy ecur- 
rents are used to take care of the line-to-line faults, while a fourth 
designed for low currents is inserted in the grounding lead. 
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Synopsis.—This paper presents an analytical discussion of 
some of the important decisions reached in the design of the new 
Port Washington power plant. The initial section of the station 
will have a capacity of 80,000 kw and will utilize 1,230 lb steam 
pressure and 825 deg F steam temperature at the throttle and 825 


deg F steam temperature at the reheat point. 
Summaries of certain economic studies, which formed the bases 
for decisions, are included, but no statistical information on the 


various pieces of equipment. 
* * * * * 


GENERAL 


HE Port Washington generating station of The 
Milwaukee Electric Railway and Light Company, 
now under construction, is located on the west 

shore of Lake Michigan at East Port Washington, 
Wisconsin, 28 miles north of Milwaukee. The station’s 
initial capacity will be 80,000 kw (one unit) with a pos- 
sible ultimate capacity of 400,000 kw (five units). The 
outstanding feature will be its unit design, that is, there 
will be a single boiler for each single turbine generator 
and also one set of transformers, one 132-kv transmis- 
sion line, and one set of auxiliaries for each unit. 

Fundamentally, Port Washington’s design is based 
on that of the Lakeside plant except that such advance- 
ments are incorporated as are justified by operating 
experience and improvements in the power plant art. 
The principal advancement, aside from the unit ar- 
rangement which has been mentioned, is the adoption of 
825 deg F temperature for both throttle and reheat. 


SELECTION OF SITE 


Load growth made it apparent in 1928 that generating 
capacity would have to be added to the Wisconsin- 
Michigan system of the North American Company in 
order to maintain the proper relation between system 
capacity, peak demand, and reserve capacity. With by 
far the major portion of the system’s generating ca- 
pacity concentrated at one point, Lakeside, south of 
Milwaukee, it was deemed advisable not to put “all the 
eggs into one basket” by further expansion of Lakeside, 
whose capacity had reached 310,800 kw, but to locate 
a new plant at a point north of Milwaukee which would 
permit feeding energy into the Milwaukee district from 
two almost diametrically opposite and widely separated 
sources. (See Fig. 1.) 

In the case of power plants in the Milwaukee area, 
water-borne coal has a distinct advantage over all-rail 
coal from the same field in the eastern district. This is 
caused by the decided and abrupt railroad rate increase 
on coal in passing through the Chicago district. In 
fact, the increase is so large that even mid-western coal 

*Vice President in Charge of Power, The Milwaukee Elec. 
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(Indiana and Illinois), which must of necessity pass 
through Chicago, cannot compete with the eastern coal 
when the latter is shipped by water. The comparisons 
given assume the various coals on an equal Btu basis. 
This point is mentioned to bring out the importance of 
needing to select a site where coal can be received by 
water. 
een TO APPLETON, 
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It serves as a second source of supply, widely separated from Lakeside { 
which is to the south. Continuity of service will thus better be insured | 


The selection of a site, therefore, resolved itself inte 
a search for one which would most nearly fulfill the 
following requirements: 

1. Be north of the Milwaukee metropolitan area 
better to insure continuity of service. (Lakeside is 
south.) 
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2. Belocated as close to the load center as practicable. 

3. Be adjacent to Lake Michigan where the condens- 
ing water supply is ample and cold. 

4. Be at a location where harbor facilities for lake 
boats have been established or could be provided at 
reasonable cost. 

5. Be at a location to which large industries might be 
attracted so that these could be served with energy 
directly from the station bus bars. 

6. Be located 


so that connec- eee 
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tions to railroad 
lines (preferably 
the company’s 
own) could 
readily bemade. 
Port Wash- 
ington was the 
- only place that 
met satisfacto- 
rily all of these 
requirements. 
In addition, if 
in the future, 
combination of 
coal prices and 
freight rates 
should become 
such as to give 
rail-borne coal 
an advantage 
over water- 
borne coal, the 
change to rail- 
borne coal could 
be made at Port 
Washington 
without any dif- 
ficulty what- 
ever. 
Although 
Lakeside burns 
water-borne 
coal it has not 
a dock of its 
own. Its coal is 
received over 
the docks of 
Milwaukee . 
coal companies and from there hauled to the plant by 
rail. Port Washington, on the other hand, will have a 
coal dock which will eliminate the intervening rail haul 
with its attendant costs. The effect of this will be to 
lower its fuel cost about $2.59 per hundred million Btu 
below that of the Lakeside plant. 


DETERMINATION OF SIZE 


In determining the size of the plant and of the units 
desire to make it possible to cooperate with industrial 
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Its unit design permits flexibility in adopting different forms of generating equipment 
for future extensions 
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concerns that might wish to locate in the vicinity of the 
plant was an important factor. Because of its harbor, 
dock, and railroad facilities, Port Washington offers to 
new industries advantages far superior to those that can 
be found anywhere else in the vicinity of Milwaukee. 
Because of this it was felt that it would not bebeyond 
reason to contemplate the possibility of industrial de- 
velopment in the vicinity of the plant to the extent of 
about 150,000 kw. 

Theload 
growth on the 
system in 1928, 
when Port 
Washington was 

\ 0 Hig inn. a lily, 
+ pi lanenterds 
/ amounted to 
if 37,000 kw over 
, the year pre- 
vious, with pros- 
pective in- 
ae russe mono creases for 1929 

ef and 19380 of 40- 

pis 000 kw each. 
For the latter 
two years pro- 
visions were 
made for adding 
75,000 kw to 
Lakeside’s ca- 
pacity... In- 
creases of 40,000 
kw each for two 
years succeed- 
ing 1930 were 
not then unrea- 
sonable. 

The fact that 
Lakeside’s last 
two additions 
were of 75,000 
kw capacity 
each, that nor- 
mal load had 
been increasing 
at the rate of 
nearly 40,000 
kw per year, 
and that there 
was a possibility of a large industrial load in addition 
to the normal growth, prompted the decision to install 
80,000 kw initially at the new station. 

MERCURY-STEAM CYCLE CONSIDERATION 

The possibility of large industrial plants locating in 
close proximity to the power station, some of which 
might require large amounts of process steam in addi- 
tion to their electrical demands, suggested that serious 
consideration be given the mercury-steam cycle. For a 
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given process steam demand the mercury cycle can 
generate over twice as much by-product electrical 
energy as can a straight steam cycle, or conversely, the 
net heat consumption in Btu per switchboard kilowatt- 
hour would be considerably less with the mercury cycle 
than with a straight steam cycle if the kilowatt-hour 
outputs were the same. On the basis of straight con- 
densing plants of equal capacity (100,000 kw) it was 
found that the mercury-steam cycle in order to equal 
the 1,200-lb steam cycle in total annual costs would 
have to be operated at an annual load factor on the 
plant of at least 65 per cent. At lower load factors the 
1,200-Ib steam cycle showed a saving. For the particu- 
lar project under consideration, the 1,200-lb steam 
cycle showed a saving in investment costs of $18.74 per 
kilowatt while the mercury cycle showed a gain of 2,550 
Btu per kilowatt-hour in station heat consumption. 
With coal at $3.80 per ton and fixed charges taken at 
13 per cent the total annual costs (including fixed 
charges) would be the same at 6314 per cent load factor, 
while with coal at $3.60 per ton they would be the same 
at 67 per cent load factor. In these calculations al- 
lowances have been made for the smaller amount of 
auxiliary power and the lower capacity of condensing 
water and coal handling and preparation facilities re- 
quired by the mercury cycle. It is obvious that with 
lower coal costs the money saving due to saving a 
certain quantity of coal becomes less and the installa- 
tion of the more expensive mercury equipment becomes 
more difficult to justify. 

It was concluded that the mercury cycle should not 
be adopted for the initial section of the plant for the 
following reasons. 

1. Because of the small net savings, if any, which the 
mercury cycle could show over the 1,200-lb cycle, 

2. Because some of the untried portions of the funda- 
mental parts in the mercury equipment might cause an 
outage when the capacity could not be spared for any 
appreciable time especially not for correcting develop- 
mental defects, and 

3. Because the mercury cycle could be installed in 
succeeding units very readily, should these experimental 
matters prove successful. 

At the time of making the mercury-steam study, indi- 
cations of future price trends both of fuel and construc- 
tion materials were taken into consideration. Recent 
trends have been along the lines assumed and have not 
altered the conclusions reached. 


SELECTION OF 1,200-LB STEAM CYCLE 


As has been stated, the design for the Port Washing- 
ton plant has as its underlying basis the design and 
operating experiences of the Lakeside plant. Lakeside’s 
first 1,800-lb boiler was placed in operation in October 
1926. In October 1929, its second high-pressure boiler 
went into service. By the time that a decision on the 
pressure for the Port Washington plant had to be made, 
3% years of operating experience had been had with the 
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Lakeside equipment. The availability factor for the 
last 2 of these 314 years on high-pressure boilers was 
84.3 per cent and 88.5 per cent, respectively. (Inci- 
dentally, it might be interesting to record at this point 
that during 1982 the availability for the 4 high-pressure 
boilers at Lakeside averaged 93.7 per cent.) A careful 
analysis of the operating statistics for 1929, the last 
full year before making decisions for Port Washington, 
showed that Lakeside’s high-pressure system had in 
that year effected an actual net saving of $58,965 over 
straight 300-lb equipment of the latest and the most 
modern design. The actual fuel saving resulting from 
14.12 per cent less coal burned amounted to $89,365 
against which was made an offset of $30,400 for annual 
fixed charges on the larger investment; maintenance 
costs being the same for 1,200 lb as for 300 lb. (See 
Table I.) 


These economy and reliability figures definitely es- 
tablished 1,200-lb pressure as being far superior to 300 
lb, 800-lb pressure being used in this comparison because 
the existing equipment in the plant, before the installa- 
tion of the 1,200-lb equipment, was built for it. But in 
order to exhaust all possible claims for intermediate 
pressures, a comparison was made between 600 Ib and 
1,200 lb. The results, shown in Table II, indicated that 
the 1,200-lb cycle would save $36,754 annually over the 
600-lb cycle in the initial installation at Port Washing- 
ton, after deductions had been made for fixed charges 
on the greater investment required. 


TABLE I—COMPARISON OF ACTUAL 1,200-LB GENERATION 
WITH 300-LB GENERATION 
LAKESIDE—1929 


Economy 
1. Station generation................ Million kwhr...... 993.9 
2. Station output....................Million kwhr...... 948.7 
3. Generation by 1,200-lb cycle....... Million kwhr...... 236.0 
4. Per cent of generation by 1,200-lb 
CYCLO ise. AS whine akon ie (WA AI tis ee ee cee 23.8 
5. Overall station heat consumption at 
Lakesidoeir. «ate craces Meet ae ie Btu per kwhr net.. 14,882 
6. Heat consumption of an all 300-lb 
Plant: .. 2s Fin deetiesla atone See Btu per kwhr net.. 15,400 
7. Heat consumption of an all 1,200-lb 
Dante stesso aie in, See Btu per kwhr net.. 13,225 
8. Heat saving on 1,200-lb generation. . Btu per kwhr net. . 2,175 
9. Per cent saving of 1,200 lb over a new 
300-lb plant = item 8 divided by 
TGOT: Gis snake Seals dicate ae Rea ea ear aise ea 14.12 
10. Total 100 million Btu saved = item 3 
times item 8 divided by 100,000,000.................. 5,133 
LiL. Gost of fuel'per:J00}million Biwi rar. cence «5 ee oe een hae 
12. Total saving for 1929, 1,200 lb over 
DOOD Meee Sie aia Ress es oes eee eae Eee eS $ 89,365 
Investments 
13. Greater investment cost of 1,200-lb 
equipment over 300 lb (per unit).................... $200,000* 
14. Greater annual fixed charges at 13 
Dery CONG eps Bras este Janae ke debate eigen ean anid $ 30,400 
Net Saving 
15. Net saving for 1929, 1,200-lb cycle 
OVEL NEW. SOO=IDiGVClOd cies snaceecasereerephes.sc5 a ues eeuene $ 58,965 


Actual operating statistics showed that Lakeside’s 1,200-lb cycle had 
saved 14.12 per cent in coal over that which would have been burned 
300-lb equipment been installed. Maintenance costs were no higher and, 
except for slightly higher fixed charges, the fuel savings indicate the ne 
savings. 


*Second unit started in commercial operation November 1, 1929. 
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TABLE II—COMPARISON OF 1,200-LB GENERATION WITH 
600-LB GENERATION 
(Reheating to Same Temperature for Both Pressures) 
ESTIMATED FOR PORT WASHINGTON 


Economy 
1. Estimated annual generation for initial 
installation 80,000 kw at 60 per cent 
anna oad facuOrs. 4) te 7a Million kwhr..... 
2. Saving in heat consumption by 1,200- 
lb cycle over 600 lb (average all 


LORS) ok Fate tee ere Pe EOC ee cis Btu per kwhr..... 856 
3. Annual Btu saving in favor of 1,200 lb. 100 million Btu per 
Vea Ra: Me ce 3,610 
AeOost Ofte! per 100 mIivIon BU... au. ok. de fee cae sc $14.82 
5. Total annual fuel saving, 1,200 lb over 
CUS Chee ee I cid. Grae lo Baie nk ET eee eee $ 53,500 
Investments 
6. Greater investment for 1,200-lb boiler 
FOOT COULD MEM bye oaie 5 er ckaxepons Sue) 3 ouak islorr sacsuw @ Riegaes alls $147,168 
7. Greater investment for 1,200-lb tur- 
[othe Gyrgaxehan Gar s ea cte ~etcko 0 CRIT OS Ae ORR Cea ei a ene $ 19,300 
8. Lesser investment for 1,200-lb turbine 
LOOM CUMIPMEMbs. -teeies sees oe eee els oe Poet ss a 20;000 
9. Lesser investment for 1,200-lb station 
tunnels, circulating water system, 
BHerCOALBANGHNY SYBUGIM.... vont aces ok scence cles $ 17,650 
10. Net greater investment for 1,200-lb 
ER SDER AR CLOTE ese We ee cre, So ote Sn ee NS eet cs $128,818 
11. Annual fixed charges on greater 1,200- 
Ib investment at 13 per cent........... See eis aa $ 16,746 
Net Saving 


12. Net annual saving of 1,200-lb installa- 
tion over 600-lb installation of 
PB) OOO=KW CR DACLUY cor. Matas = te soe rte sr onaierere ne 8 erasers $ 36,754 


In comparing the economies of 1,200-lb generation with 600 lb, a con- 
siderable saving in fuel was found. This, together with the unexcelled 
reliability record of Lakeside’s 1,200-lb equipment decided the issue in 
favor of 1,200 Ib. 


Consideration of the possibilities of the Benson cycle 
showed that it held no inducements at this time. Effi- 
ciency gains from going beyond 1,200 lb were found 
to be slight because of rapidly increasing feed pumping 
costs and steadily decreasing energy gains. 

The savings shown in Tables I and II, together with 
satisfactory overall operating experiences at Lakeside, 
were sufficient to warrant the adoption of 1,200 lb for 
Port Washington. 


SELECTION OF 850 DEG F (MAXIMUM) STEAM 
TEMPERATURE 


Lakeside has a reputation for being a pioneering sta- 
tion in economically sound adventures. Thanks to a 
liberal company policy, marked by keen foresight, every 
opportunity has been given to improve the art of pro- 
ducing and distributing electrical energy. In planning 
Port Washington this same policy was continued. It 
was believed that progress should be made and that 
some improvements over Lakeside were possible. 
Among those considered was the possibility of going to 
a higher steam temperature. Superheater manufac- 
turers, valve, pipe, and also turbine makers were 
consulted. All expressed their willingness to cooperate 
and subsequently quoted prices on equipment necessary 
not only to produce 825 deg F at the turbine throttle and 
reheat point, but to maintain it continuously: 850 deg F 
was specified as the maximum. The increase of 75 deg F 
in actual operating temperature (Lakeside’s is 750 deg 
F) brings the total steam temperature up to the point 
_ where ordinary steels cannot be used in the turbine. 
_ Alloys require greater investment particularly in large 
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turbines where they had not been previously applied to 
the extent that they had been in steam superheating 
equipment and in valves. The net greater cost of 850 
deg F equipment totaled $28,170 in investment. With 
fixed charges taken at 13 per cent, the annual rate 
amounted to $8,650. The fuel saving on the other hand 
amounted to $18,720 per year, resulting from a 2.5 
per cent better station heat consumption rate. The net 
saving was, therefore, calculated to be $15,070 per year. 
The greater investment resulted from a more expensive 
turbine, greater cost of valves and fittings, and greater 
cost of superheaters and reheaters. These greater costs 
were offset by investment savings in boiler plant equip- 
ment due to the smaller amount of steam required, less 
water storage required in steam drums, and by deferred 
expenditure for replacing the last row of turbine blades 
due to less moisture in the exhaust steam. (See Table 
III.) 


TABLE III—COMPARISON OF 825 DEG F AND 750 DEG F 
TEMPERATURE AT BOTH THROTTLE AND REHEAT 
ESTIMATED FOR PORT WASHINGTON 


Economy 
1. Estimated annual generation for 
initial installation, 80,000 kw at 


60 per cent annual load factor. . Million kwhr......... 421 
2. Saving in heat consumption, 825 

Geog Over 750 'OEG. 25 fai. as ae cee Btu per sw. bd. kwhr. . 300 
3. Annual Btu saving, 825 deg over 

TO! GOR 5 svi eases. vtys sera tayess aera’ 100 million Btu....... 1,263 
A> Costor fuel per i100 million Btusen.- o.oo $14.82 
5. Total annual fuel saving, 825 deg 

OVEE (DO GOP rare o nen.t araais sieiiecs otua ert o ais fe ake eee estes $ 18,720 

Investments 

6. Investment saving of 825 deg due 

tolowerheat consumption... one ae eee oe ieee BANS 
7. Unit investment to which heat 

SAvViINe- APpPMES soca shatevessche ease S. DOV. tes ast es ersten ee 47.30 


8. Total investment saving of 825 
deg = $47.30 times 80,000 times 
Zid. DOM CODUR 5 oo heyeiserday ch crauer tins Gao ware ott Puen ek gsr en she $ 94,600 
9. Total investment saving assuming ; 
7 percont oftotal saved. ons..o00 cei aes ee eee 
10. Additional investment saving in 
two steam drums, due to lesser 
SbOrage TOGUITE!) ck vise doe akie alkene wae Soares ee aes $ 5,670 
11. Additional investment saving due 
' to deferring replacing last rows 
of blades because of lesser mois- 


TOTS TOR NAUSU ss a5 Ses, oc allen he eae re eee $ 10,920 
12. Total investment saving, 825 deg 

OVER TSO GOS oops pece deel eee cco Oa eget lie EA $ 87,590 
13. Greater investment cost of 825- 

Gee TUEDING Fe iocsc, 5 ak orev sia ates SR rE ee eee $ 89,000 
14. Greater investment cost of 825- 

deg valves.and fittings, 5c. jc; 5.dye) eae a ee ee $ 8,000 
15. Greater investment cost of 825- 

deg superheater and reheater...................+.-.+-. $ 18,760 
16. Total greater investment cost, 825 

deg Over: 750 Gee sco). citaretegye ere oa ee oS $115,760 


17. Net greater investment cost, 825 
deg over 750 deg (item 16 minus 


Athen 12) saa aes wee wie t eR oH es coe eee es em ee $ 28,170 
Net Saving 
18. Annual fuel saving, 825 deg over 
THO TERE 2 aetna eer ete ee steht = pee eee $ 18,720 
19. Annual fixed charges on greater 
investmentat 13: per Cent. dares o1e.6 i otoles «2h = ieee $ 3,650 


20. Net annual saving, 825 deg over 


An increase in operating temperature to 825 deg F from 750 deg F for both 
throttle and reheat showed a 2.5 per cent improvement in station per- 
formance. When the saving was capitalized on the basis of reducing equip- 
ment costs in the boiler room, it offset the increased cost of the turbine, 
valves and fittings and showed a substantial net saving for the higher 
temperature. 
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A higher steam temperature than 825 deg F at the 
turbine throttle with no reheat was considered purely 
experimental because it involved untried alloys. Creep 
in metals is hardly a consideration at 825 deg F, but at 
1,000 deg F or thereabouts, it is extremely important. 
A throttle temperature of 825 deg F with reheat at the 
same temperature is a reliable, non-base-load combina- 
tion, one that is made particularly attractive through 
the application of radiant superheating and reheating 
surfaces in the same furnace. 

Lakeside’s operating experiences with reheat are 
positive proof that variable loads are easily and safely 
carried. Reheat introduces minimum complications 
into the cycle. 


ONE TURBINE, ONE GENERATOR, AND ONE BOILER 


A previous study had shown that one large turbine 
generator would save $7.15 per kilowatt over two half 
size units in investment costs (turbine generators, 
foundations, turbine room building, electrical equip- 
ment, and switch house) and about $25,000 per year in 
operating costs due to a better rate of heat consumption. 
These savings were considered sufficient to warrant the 
installation of an 80,000-kw unit rather than two 
40,000-kw units. Incidentally, an 80,000-kw machine 
would match almost exactly the 90,000-kva_ trans- 
mission lines which had been adopted for the Milwaukee 
district. 

Most of the original 1,200-lb installations in this 
country consist of 1,200-lb non-condensing turbines 
superimposed on existing 300-lb stations. In such 
installations, of course, new full capacity 1,200-lb 
boilers were required but the turbines were of com- 
paratively small generating capacity. The economy of 
such an installation, due to having to maintain a practi- 
cally constant pressure at the exhaust of the high 
pressure turbine for all loads, drops off rapidly in going 
from full load to partial load. Multiple-valve admission 
to the high-pressure turbine has been used as a partial 
means of overcoming this difficulty, but the process 
effects a saving in the high-pressure turbine only, 
whereas the largest part of the loss occurs at the exhaust 
of this turbine. 

If the exhaust pressure is permitted to vary according 

to load through the use of so-called compound operation, 
savings of considerable magnitude can be made. Such 
operation naturally would have to be followed in a 
station which had boilers generating steam at but one 
pressure. The high-pressure turbine could, however, 
still remain segregated from the low through the adop- 
tion of a cross-compound machine. There then would 
be two separate turbines each with its own generator, 


1. See paper on The 60-Cycle Primary Transmission System of 
The Milwaukee Electric Railway and Light Company and Asso- 
ciated Companies in Wisconsin and Upper Michigan, by C. D. 
Brown and E. W. Hatz, presented at the Great Lakes District 


Meeting of the A.I.E.E. at Milwaukee, Wisconsin, March 16, 


1932. 
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a combination which has the advantage of keeping the 
low-pressure turbine in service when trouble is en- 
countered in the high-pressure turbine. Should the low 
pressure section be forced from service at any time, the 
entire unit would be down and because of this fact a 
reserve equal to the capacity of the whole unit must be 
kept available at all times. The ability to operate the 
low-pressure section at times of high-pressure turbine 
outage, therefore, loses much of its significance. Be- 
sides, the reserve capacity in most cases can be operated 
at an economy very close to that of the low-pressure 
section alone. The advantages of tandem-compounding 
on the other hand are such as to win approval; they are, 
net investment savings of $1.12 per kilowatt resulting 
from (1) a lower cost of the turbo generator itself, (2) 
fewer electrical connections because of having only one 
generator, (8) less building volume, and (4) a credit for 
a smaller turbine room crane because of a narrower 
turbine room. 

Many of the arguments presented against the cross 


compound unit apply to the steeple-compound unit also, © 


although the economic advantage of the tandem over 
the steeple is not as great as it is over the cross com- 
pound. Inconvenience in operation and maintenance 
were also factors in deciding against the steeple-com- 
pound unit. 

After having established the size and type of the 
turbine to be installed, the next consideration was the 
number, size, and type of boilers. Detailed compari- 
sons were made on the installation of two boilers of 
small size (345,000 lb per hour capacity) and of one 
boiler of large size (690,000 Ib per hour capacity). 

One boiler was selected rather than two, because: 

1. An investment saving of approximately $250,000 
could be made. 

2. The operation would be simpler due to not having 
to apportion the exhaust steam from the high-pressure 
section of the turbine to each of the two reheaters. 

3. The presence of an 80,000-kw turbine generator 
on the system would require 80,000-kw reserve in any 
event. Therefore, no additional losses in capacity 
would occur due to boiler outage. 

At Lakeside, three-drum bent-tube type boilers with 
comparatively large low-heat release furnaces had 
unprecedented reliability records. Certainly records of 
this nature could not be ignored in making selections for 
the Port Washington boilers. This fact notwithstand- 
ing, all arguments for the single-drum straight-tube 
boiler and high-heat release furnace were obtained and 
carefully weighed. Prices were secured and tentative 
layouts prepared so that an unbiased opinion as to their 
merits might be formed. 


Exponents of the straight-tube boiler design with its 


complementary equipment maintained that with it a 


better proportioning of all of the heat reclaiming sur- 
faces could be secured together with a lower overall — 


investment cost. The use of less of the comparatively 
high cost boiler surface and more of the less expensive 


ra 
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economizer surface formed the basis for their argu- 
ments. They also maintained that less building volume 
would be needed. Contrary to expectations, the latter 
was not found to be true for Port Washington condi- 
tions, principally because of a 10-ft higher building 
which would be required. It was true, however, that a 
small saving in investment was shown with the straight- 
tube boiler layout over that of the bent-tube type but 
this saving was more than offset by operating losses. 
Table IV summarizes these gains and losses. Then 
too, high-pressure economizers (1,600 lb) which are an 
essential part of the straight-tube boiler layout were 
considered a potential source of trouble. As explained 
later, economizers were eliminated entirely from the 
Port Washington design. 


It was concluded finally to adopt the bent-tube type 
boiler fired from one side only with a low-heat release 
hopper-bottom furnace beneath it. Besides the 
economic gains and the possibility of eliminating 
economizers, the following additional reasons influenced 
its selection: 

1. About 50 per cent more water storage space is 
available which is very important when only a few 
minutes total storage is available. 

2. Tubes being nearly vertical permit rapid water 
circulation which eliminates wide variations in drum- 
water levels throughout the load range. 

3. Dry steam is obtained since the rear drum acts 
as a dry drum, it having little steam released from the 
water it contains. 

4. Water wall connections can easily be made because 
of accessibility of the drums. 

5. Suspended solids in the boiler water are removed 
effectively in the lower drum. 


TABLE IV—COMPARISON OF BOILER DESIGNS 
: FOR 
PORT WASHINGTON—INITIAL INSTALLATION 


Bent-tube Straight-tube 


boiler low- _ boiler high- 
heat release heat release 
furnace furnace 


1. Total investments 

in boiler, furnace, superheater, reheater, 

economizer, air-heater feeders, burners, 

and milling equipment* ..................-8937,137..... $838,805 
2. Greater investment of bent-tube boiler......... 98,332 
3. Greater annual fixed charges at 13 percent..... 
4, Increased operating costs 


a. Greater pressure drop in superheater................-- $ 156 
b. Greater pressure drop inreheater............0ceeeeeee 1,920 
« Lossiofiheat in. moltenash a. sisy.te tae steep yo ous ptt olsen 1,780 
d.. Lower overall boiler efficiency: <<... 2555.4 sie as 6,370 
Be POOTOL A VallaDilitey:cc, o.crskaptorcietetans doe xatare eros, <kesevers) povaleyenet 3,900 
f. Lower reheat temperature... . 0... cece cee eee e ane 2,720 
g. Greater furnace maintenance Cost................+++- 5,700 
h. Total greater operating Costs:...........002 deen cece pes $ 22,546 
5. Net annual saving of bent-tube boiler with 
low heat release furnace: .. 2.0605) ow et es $ 9,763 


The bent-tube boiler with a low-heat release furnace not only will pro- 
duce an annual saving of $9,763 but will also permit the use of radiant 
superheat and reheat surfaces within the furnace, and afford other operating 
advantages. 


*Building not included because costs would be identical. 
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FURNACE 


The slag-tap furnace, which was given some con- 
sideration, is a high-heat release furnace of relatively 
small size because the temperature in the furnace must 
be kept sufficiently high to maintain the ash in a molten 
state. The small size and high temperature preclude 
the use of radiant superheaters and reheaters. The 
latter are desirable because their inherent character- 
istics are such as to give automatically the most 
economical operating conditions at all loads. Super- 
heaters and reheaters of the all-convection type give 
decidedly variable steam outlet temperatures with 
variations in load on the boiler necessitating desuper- 
heating at the higher loads. This was considered ob- 
jectionable because of the general unreliability of the 
desuperheating process. No desuperheater is required 
with the radiant surfaces in the Port Washington sta- 
tion design. On the other hand, large furnaces with a 
low rate of heat release (15,000 Btu per cubic foot per 
hour, maximum) are conducive to low maintenance 
costs and high availability. With steel walls, con- 
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sisting of steam and water cooled surfaces on all 6 
sides, there can be no wall erosion. Radiant super- 
heater and reheater surfaces for side and rear walls and 
water tubes for the front wall and the ash screen were 
the final answer to the furnace problem after all ad- 
vantages and disadvantages of other combinations had 
been carefully balanced. 


RADIANT SUPERHEATER AND REHEATER 


Selection of radiant heat absorbing surfaces for super- 
heater and reheater rather than all-convection surfaces 
was prompted by economic considerations as well as 
the adaptability of these surfaces to the low-heat 
release furnace mentioned in the previous paragraph. 
More uniform steam temperatures over wide load ranges 
can be obtained automatically and thus the overall 
station economy can be improved. This is particularly 
true at low loads when all other factors in the system 
are working toward poorer economy. By virtue of the 
higher superheat the turbine efficiency is maintained 
higher than it would otherwise be at the lower loads. 
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The superheater selected has a radiant section and a 
convection section. The steam will pass first through 
the former and then the latter. With this combination 
the steam temperature to the turbine throttle will vary 
only from 880 deg F at full load to 802 at quarter load. 
The reheater on the other hand is radiant entirely and 
its outlet temperature will vary from 834 at full load 
to 827 at quarter load. 


AIR HEATER AND ECONOMIZER CONSIDERATIONS 


Economizer and air heater surfaces—all waste heat 
reclaiming surfaces for that matter—are closely related 
to the type of cycle adopted for the station. In the case 
of Port Washington, a tentative cycle was decided upon 
at the time of placing the turbine contract. This called 
for the use of extraction heaters at 5 points. A com- 
parison between 4 extraction heaters plus an economi- 
zer-air heater combination, and 5 extraction heaters plus 
an air heater only, indicated that a net annual saving of 
$7,429 could be made through the use of the latter. The 
major portion of this saving is effected by the 1.3 per 
cent better heat rate of the turbine due to the fifth 
heater. Although the addition of an economizer would 
reduce the flue gas temperature 25 deg F and thus make 
a substantial saving in boiler efficiency, the fixed charges 
on the greater investment for the economizer and piping 
(after taking credit for the smaller air heater) and the 
maintenance costs on the economizer would more than 
offset this gain. Five-stage heating with an air-heater 
but with no economizer was therefore decided upon. 


BIN AND FEEDER vs. UNIT SYSTEM 


In determining the method of firing to be adopted, a 
thorough investigation was made into the adaptability 
of the unit system and of the bin and feeder system to 
the contemplated plant layout. The results showed 
that the boiler efficiency obtainable with the unit 
system was about equal to that of the bin and feeder 
system with no gain for either on such items as carbon 
loss, uniform grinding, etc. There were, however, 
inherent advantages of the bin and feeder system which 
influence total station economy rather than only boiler 
efficiency and it was these which decided the matter 
in itsfavor. The most outstanding of these advantages 
are: 

1. Greater reliability. With the unit system any 


outage of a mill for any reason will cause a reduction in’ 


capacity of the boiler or complete outage of the boiler. 
Whenever a reduction in load occurs, it must be picked 
up by some standby or less efficient station, and a loss 
of 0.1 per cent in economy might result. 

2. Flexibility. The low rating limitation of the unit 
mill is absent entirely from the bin system. This is 
particularly important at times of starting when low 
furnace temperatures are desired to prevent damaging 
superheater tubes. 

3. Mill drying with flue gas can be used in the storage 
system to advantage, while on the other hand it cannot 
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be used efficiently in the unit system. Venting flue 
gases back into the furnace is not conducive to efficient 
combustion and to the maintaining of proper flame con- 
trol. With flue gas drying in a storage mill, 6 per cent 
of the total flue gas discharges to the stacks at a tem- 
perature 200 deg F lower than the usual exit tempera- 
ture. In addition, air heater performance is improved 
due to the greater mean temperature difference and the 
lesser heat absorption in the air heater. After the flue 
gas mill drying system has been charged with the small 
coal vent loss, it shows a net gain of 0.5 per cent over 
using hot air and venting to the furnace. 

4. Coal feed can be regulated more closely with the 
storage system resulting in the maintenance of high 
average CO, and fine control of excess air. With 
radiant superheaters and reheaters this is important. 
Coal feed variations of 10 per cent as are common with 
the unit system without hand adjustment can cause a 
50 deg variation in reheat temperature and 0.6 per cent 
decrease in station economy. 

5. Coal feed control at Lakeside where the storage 
system is used has been found to be so regular that boiler 
pressure can be regulated to within 5 lb of a standard. 
With the unit system, the pressure variations might be 
on the order of 50 lb. The difference of 45 lb in pressure 
at the turbine could cause 0.6 per cent difference in 
economy. 

6. When using air drying with unit mills the heated 
air to the mill must be tempered with room air. This 
reduces the amount of air to be taken through the air 


TABLE V—COMPARISON BETWEEN 4 EXTRACTION HEATERS 
PLUS ECONOMIZER-AIR HEATER COMBINATION AND 
5 EXTRACTION HEATERS PLUS AIR HEATER ONLY 
Four Extraction Heaters Plus Air-Heater Only Is Used As The Basis For 
This Comparison 
ESTIMATED FOR PORT WASHINGTON 


Four-Stage Heating and Economizer 
1. Saving due to lowering of flue gas by 25 deg F..... $4,520 
2. Maintenance cost.on economizer,.....-....2..+--.2+ hee $2,000 
3. Pumping cost for pressure drop through econo- 


4. Fixed charges on greater investment cost for 
economizer and piping after deducting credit 
for smaller air heater, $35,800 at 13 per cent............ 4,654 


6. Net annual loss for economizer... 27 =... 6-4 ss aaa eae 2,254 
Five-Stage Heating 
7. Better heat consumption rate due to fifth-stage 
heaters—112 Btu perkewhrs )00 4. en be oe $6,995 
8. Maintenance cost on fifth-stage heaters................+-- 
9. Pumping cost for pressure drop through heaters............ 
10. Fixed charges on investment in fifth-stage 
heaters, also necessary piping, $10,015 at 13 
Per CONb.cm chee ea ero eee ee ee eters 


Lit? MR Oba COSTS Nak weenie eke mee tern co aie eee caro $6,995. . .$1,820 
12. Net annual gain for fifth-stage extraction heaters. . 5,175 
Net Comparison 
13. Net gain due to fifth-stage heaters..................55 $5,175 
14. Netloss due'to economizer. :......4 3c ess pas ee ee 2,254 


15. Net annual difference in favor of fifth-stage heaters..... $7,429 


Economizers ordinarily are thought of as equipment used to enhance 
power plant operating efficiency. This tabulation shows that extraction 
heaters do this more effectively, and with far less need for worry about 
operating difficulties under the higher pressures encountered. 
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heater and reduces the boiler efficiency about 0.3 per 
cent below that of a storage system boiler where fiue 
gas drying is used. 

7. Automatic combustion control is much more posi- 
tive on a storage fired boiler than on a unit fired one. 
With the latter, difficulties are encountered in coordi- 
nating the mill speed, primary air volume, and sizing 
of the pulverized coal particles with the requirements of 
the boiler. Lower overall efficiencies will result. 

These advantages, totaling 2.1 per cent in station 
economy, can be credited to the storage system. In- 
vestment costs were found to be 74c. per kilowatt lower 
for the unit system. Labor, maintenance, and power 
were slightly in favor of the unit system. An important 
point in favor of the storage system is that most of its 
motors can be shut down at the time of the station peak. 
The unit system on the other hand requires peak elec- 
trical demand for auxiliaries coincident with the peak 
_ station demand and to provide the same margin in 
capacity an equivalent in generating capacity must be 
installed at the same station or elsewhere. 


TABLE VI—COMPARISON OF STORAGE SYSTEM AND UNIT 
SYSTEM OF PULVERIZED FUEL FIRING—ESTIMATED FOR 
PORT WASHINGTON 


Economy 
1. Estimated annual generation for 
"initial installation, 80,000 kw at 
60 per cent annual load factor... . Million kwhr........ 
2. Saving in heat consumption, storage 


3. Btu saving, storage over unit....... Btu perkwhr........ 
4. Annual Btu saving, storage over 

RET Gare te 6 Oe ous Se Ais hae eee 100 million per year. . 
SB. Oost of ftiel per 100 million Biw.< -...55. 2.05.0 cee se cee s 
6. Total annual fuel saving, storage 

over unit Se ee are ene ey a et aye lars Sats, cae TED $15,750 

Labor, Maintenance and Power 

7. Greater cost of labor (1 extra man) 


1,061 
$14.82 


BUGS OU OL MEG eee So ais che ee sicjngher ae oS ae ale w/e os ae Oro $ 2,400 
8. Greater cost of maintenance, storage 

MUS DAAURRB bt ead a for sche crear ale siraqe Ses ecae tna e ooo: ariel aie ate) oS $ 950 
9. Lesser cost of power, storage over 

SEEN EAE Sees ply bel eae crew, A alhey GBS, Nee URS af fe Seoul ST MO EO 


10. Net greater operating costs, storage 
OS KORE A515 Feta Ale oR eR ERE LIONS ACHE REE NER URS CS PoE IC CE Ter aE $ 2,775 
- Investments 
11. Greater investment cost in mills, 
: feeders, burners, motors, starters, 
duct work, foundations, air com- 
pressors, fuel bins, etc., storage 


ONLI TELAT! Pond cee he ERC Sea IS nC REI IS $59,112 
12. Greater annual fixed charges at 13 
percent, storage over UNIb... 3 <s.0j 3 oles sis ee aie weave = Ss $ 7,685 


Station Peak Capacity 
13. Greater kilowatt demand of unit 
system motors at time of station 


PGMs c, cie: Ma ees Pees (alia > tes. 2S ehcae aig aertoafah eh Sa for aha 592 
14. Value of 592-kw station capacity at 

$75 por Eilowabis 250 pres ce Se ecco seers reer rete $44,400 
15. Lesser annual fixed charges on sta- 

TION: CADACILY , SbOTALO OV OL UNO te sels ein hatin et ans s) eleier $ 5,772 


Net Saving 
i 16. Net annual saving, storage system 
over unit system (item 6 minus 
item 10 minus item 12 plus item 
BB) handed oe eee TRE SIE ee. Serer $11,062 
The battle of storage vs. unit system of pulverized fuel firing was waged 
for many weeks in The Milwaukee Electric Railway and Light Company’s 
engineering department before the storage system was awarded the de- 
cision. Its merits include not only an annual saving of $11,062, but greater 
reliability and flexibility, as well as safety, due to the possibility of using 
flue gas mill drying with it. 
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Another important advantage of the storage system is 
the safety to personnel and equipment occasioned 
through the use of flue gas for mill drying. A 12 per 
cent volume of CO, (an inert gas) is maintained in the 
mill system and collectors, so that danger of fire or of 
an explosion from smoldering coal is lessened materially. 

The analysis, of which Table VI is a summary, 
showed the bin and feeder system to effect a net annual 
saving of $11,062 and this, together with certain operat- 
ing advantages, formed the basis for its adoption. 


EXTRACTION HEATERS AND FEED PUMPS 


After having determined the number of extraction 
heaters to be used in the heat cycle, a very important 
decision had to be made in regard to the location of the 
boiler feed pumps in the cycle. The high pressure boiler 
feed pumps at Lakeside, although they had been operat- 
ing continuously for over four years and had never been 
the cause of 1,200-lb equipment outage, had demanded 
considerable attention and were creating maintenance 
costs which were considered too high. Their operation 
as a whole was rather delicate. An investigation showed 
the cause of the difficulties to be fluctations in feed 
water temperatures which set up uneven expansion and 
contraction in the various component parts of the 
pumps causing clearance variations, packing leaks, ete. 
The maximum feed water temperature delivered to the 
Lakeside 1,600-lb pressure pumps is 360 deg F while it 
might go down to 300 deg F or slightly below at light 
loads. The pumps at Port Washington, if they: are 
placed on the discharge side of the extraction heaters, 
would be required to handle water to as high as 482 
deg F temperature at full load and as low as 290 
deg F at quarter load, a condition much more severe 
than that at Lakeside. Should they be located after the 
second heater, however, and made to discharge through 
the heaters at the remaining 3 extraction points, the 
temperature of the water entering the pumps could be 
held constant at 200 deg F. The manufacturers of the 
feed pumps were in hearty approval of the suggestion 
that the lower temperature be used in spite of the 
relatively low delivery pressure to the suction of the 
pumps, and promptly quoted on pumps with efficiency 
guarantees somewhat improved over those at Lakeside. 
This improvement in efficiency is incidental to the 
improved reliability of the pumps and to the 12 per cent 
saving in pumping energy occasioned by the lower 
specific volume of 200 deg F feed water compared with 
that of 400 deg F feed water. The somewhat higher 
cost for the high-pressure extraction heaters over the 
lower pressure type was not nearly enough to offset the 
advantages mentioned. 

Two sets of high-pressure extraction heaters will be 
used, one on each of the feed lines to the boiler. Each 
feed line will have a separate high-pressure pump with 
a spare pump so connected that it can be substituted in 
either line. Two feed lines to the boiler will be used 
because better parallel operation of centrifugal feed 
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pumps can be obtained when discharging through 
heaters and piping before pressures are equalized. 
Then, too, it was found economical to use two sets of 
heaters because by-passes around the heaters with 
their expensive fittings could be eliminated. 

Interesting design details entailed in the construction 
of the high-pressure extraction heaters are worthy of 
mention because they have heretofore never been at- 
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tempted. It is common knowledge that bolted heads 
with gaskets and stay-bolts are a serious problem in the 
use of high-pressure heaters. These have been entirely 
eliminated through the adoption of a head made from a 
solid forging bored out and supplied with an internal 
head cover, similar to a boiler manhole plate design. 

Steel tubes with U-bends have been decided upon be- 
cause experience at Lakeside has proved them to be 
more reliable than brass tubes and they cost less. 
Corrosion of the tubes can be prevented entirely by 
complete de-aeration which is essential in any event in 
a 1,200-lb pressure plant. 

Flash losses between the high-pressure heaters will be 
eliminated by cooling the drains in the lower sections 
of the heaters before cascading them into the next lower 
heaters. Separate drain pumps on individual high 
pressure heaters would be impractical because of having 
to pump against 1,300-lb boiler pressure. Calculations 
show an improvement of about 34 per cent in plant 
economy through the elimination of flash losses. 


GENERATION AT 22,000 VOLTS 


In selecting the generator voltage, the following were 
considered: 

1. No pioneering in generator voltages was desired. 

2. A voltage was desired that would enable industries 
which might locate in the vicinity of the plant to con- 
nect their lines to the bus bars as economically as 
possible. 

3. If any economies could be effected in the plant 
investment and operating costs by using a voltage 
higher than 13,800 (the Lakeside voltage) such econo- 
mies should be realized. 

4. It would be desirable to adopt a voltage which 
would permit the connection of the existing 26,400-volt 
secondary transmission lines of the company with a 
minimum of expense. This is not a matter of much 
importance because very little of the energy will be 
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delivered at this voltage. Most of it will be stepped up 
directly to 132 kv. 

5. A voltage was desired that all manufacturers would 
be willing to use in their machines without resorting to 
special construction, such as concentric conductors. 

The voltage which most nearly met all of these con- 
ditions was found to be 22,000 volts. In using this 
voltage it was found that a saving of 0.3 per cent could 
be realized in investment and operating costs of genera- 
tors and electrical equipment over similar costs for 
13,800 volts. No saving could be effected by adopting 
26,400 volts because equipment in the 34,500-volt class, 
which is more expensive, would then have been neces- 
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The rotary converters will be located in the basement of the control 
building and will supply service to the coal dock and to the Company’s 
interurban railway system. One rotary converter is a spare and can be 
used either on the railway service or on the coal dock service. 


sary. Because of the adoption of 22,000 volts, it is 
necessary to use auto transformers to connect to the 
lines operating at 26,400 volts. 


22,000-VoLT INDOOR SWITCHING EQUIPMENT 


Whether to build a switch house and install indoor 
22,000-volt switching equipment or to install metal 
clad equipment outdoors was given a great deal of 
consideration. Regardless of the decision on this 
point, it was recognized that it would be necessary to 
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build a transformer repair house and control house which 
limited the decision simply to the switching equipment 
itself, main bus bars, reactors, etc. All of the compara- 
tive estimates made included the control house and 
transformer repair building. Estimates were obtained 
from the manufacturers on various kinds of switching 
equipment and it was assumed in the case of the outdoor 
metal clad equipment that there would be a likelihood 
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Showing main electrical connections when the Port Washington Power 
Plant has reached a capacity of 320,000 kw (4-80,000-kw turbine generators) 


of a reduction in cost of about 10 per cent during the 
time that the station was growing from its initial to its 
ultimate size. It was found that for the initial section 
the outdoor metal clad equipment would require an 
expenditure of $6.03 per kilowatt while the vertical 
indoor isolated phase construction, including building 
and foundations, would require an expenditure of $5.62 
per kilowatt, or $0.41 per kilowatt in favor of the indoor 
vertical isolated phase arrangement. In the ultimate 
station, with relatively more switching equipment be- 
cause of the duplication of switches on certain lines and 
the use of a ring 22,000-volt bus with reactors, the 
_ corresponding figures would be $7.62 per kilowatt for 
the outdoor metal clad and $5.78 per kilowatt for the 
indoor vertical isolated phase arrangement, including 
building, a saving in favor of the indoor arrangement of 
$1.84 per kilowatt. In view of the economies that 
could be effected and other advantages, such as the 
greater ease of making changes from the original layout 
and the use of oil-less circuit breakers in the indoor 
arrangement, it was decided to put all of the 22,000- 
volt switching equipment indoors. After deciding upon 
the use of indoor equipment, it was thought desirable 
to consider the merits of various kinds of indoor equip- 
ment and so cost figures were prepared on indoor three- 
pole assembly metal inclosed equipment. It was found 
that in the initial installation the metal inclosed equip- 
ment would cost $0.17 per kilowatt more than the 
_ vertical-isolated phase arrangement and $0.31 per 
_ kilowatt more in the ultimate installation. Vertical- 
isolated phase construction was therefore selected. 


POST: PORT WASHINGTON POWER PLANT FEATURES 


909 


AUXILIARY POWER SUPPLY SYSTEM 

Alternating current auxiliary service will be provided 
by 7,500-kva three-winding transformers stepping down 
from 22,000 volts to 2,800 and 480 volts. There will be 
one transformer connected directly to the leads of each 
generator and one spare transformer connected to the 
22,000-volt bus. Each transformer will supply aux- 
iliaries for its own unit with automatic provisions for 
transferring the load instantaneously to the spare 
transformer in case of trouble on the normal supply. 

Motors of 100 hp capacity and larger will be supplied 
at 2,300 volts and motors of less than 100 hp at 480 volts. 

Direct current service supplied from motor-generator 
sets with a battery floated across the busses will be used 
to supply pulverized coal feeders, electrically operated 
valves, turbine room cranes, elevators, emergency 
lights, and magnetic pulleys. 
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Oil circuit breakers 11, 13, 15, and 17 normally open. All other breakers 
normally closed. Should trouble develop between breakers 5 and 10 these 
breakers will open through the operation of differential relays. The open- 
ing of 10 causes 11 to close thereby maintaining service on all auxiliaries of 
generator 1. If the trouble is between 11 and 18, 18 opens through the 
operation of an overload relay leaving half of the auxiliaries operating; if 
between 10 and 18, 5 opens on overload and the opening of 5 in turn opens 
18 and closes 11 thereby maintaining service on half of the auxiliaries. 
Whenever breaker 5 opens, the 480-volt service also is transferred to the 
spare. The 480-volt auxiliary connections are similar to the 2,300-volt 
connections and are relayed in the same way except for one minor difference 
not mentioned here 


The only steam-driven auxiliaries in the plant will be 
1 emergency feed water pump and 1 emergency house 
service water pump. 


CONCLUSION 


The author wishes to emphasize that the compari- 
sons presented in this paper and the conclusions reached 
apply to Port Washington conditions. Under other 
conditions, decisions might have been different. 

It is hoped that the information presented in this 
paper will convey a general impression of certain trends 
in power plant design as interpreted by the engineers of 
The Milwaukee Electric Railway and Light Company. 

The author wishes to acknowledge the valuable 
assistance in the preparation of this paper of F. L. 
Dornbrook, Chief Engineer of Power Plants, William 
E. Gundlach, Chief Electrical Engineer, C. F. John, 
Assistant to Vice President, and others of the engineer- 
ing staff of The Milwaukee Electric Railway and Light 
Company. 
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Discussion 


Alex D. Bailey: While Mr. Post’s paper possibly affords 
opportunity for discussion regarding certain detailed features of 
station design, it is important primarily because it embodies the 
best thought in station design, though it originated 4 or 5 years 
ago. The design of this station shows quite conclusively the 
value of simplification, which offers the greatest opportunity for 
reduction in investment cost. With the improvement which has 
been made in the reliability of both steam generating and turbine 
equipment in the last few years, the single unit type of station is 
rapidly gaining favor. 

So far as the 1,200-lb turbine units are concerned, the per- 
formance record of all turbines for 1932 shows that the 1,200-lb 
units are fully as reliable as those operating at lower pressures. 
The 4 high pressure units at Lakeside have a particularly good 
record as all 4 of them are better than the average. 

In the controversial question of the unit system versus bin 
system, the design apparently was based largely on reliability, 
which naturally appeals to all operating men. 

EK. J. Billings: Speaking abstractly from the standpoint of 
the manufacturer of power station equipment, a customer’s 
evaluation of bids is apt to be fraught with uncertainties and sur- 
prises to the bidder. When, as presented in this paper, the custo- 
mer fearlessly gives out details of the evaluation for a secondary 
evaluation by the engineering public, it is certainly a progressive 
step in the direction of equitable evaluation of bids. 

Although the author stresses the point that the design has been 
worked out strictly for local conditions and that for other con- 
ditions or other locations the design might have been radically 
different, there still remains the possibility that some of the 
premises will be accepted more literally by a portion of the engi- 
neering public than is really intended or justified. This is stated 
in particular reference to that part of the paper dealing with the 
boiler and combustion equipment. To illustrate: 

In Table IV the definite and unquestionable fixed charge item 
on the added cost of the bent tube boiler with large furnace is 
shown to be more than offset by a series of operating credits any 
one of which is subject to a variety of conflicting opinions. Sup- 
pose, for example, that the radiant superheaters and reheaters did 
not work out quite as anticipated, and instead of having a furnace 
maintenance credit over the high heat release slag tap furnace of 
$5,700 per year the situation was reversed exactly and the 
eredit became a debit. Or suppose, for the same reason, the 
eredit of $3,900 per year for better furnace availability became 
a debit instead. Thus, the margin of $9,763 per year over and 
above the fixed charge debit of $12,783 and in favor of the bent 
tube boiler with large furnace might work out to be something 
entirely different even to the point of changing the economics 
of the design selected. 

When an engineering evaluation brings two quite radically 
different designs so close together in worth to the company that 
the difference is measured, as in this case, in terms of the order 
of 1 per cent of the annual fixed and operating charges, then the 
designer might well make his selection purely on the basis of 
which design he thinks will give him, his management, and his 
operators the greatest amount of satisfaction during the life of 
the equipment. 

If more power station designers would present as freely as has 
the author of this paper their line of reasoning for evaluation by 
the engineering public it would do much to stabilize features of 
design on which there is now a considerable divergence of opinion. 

A. G. Christie: Milwaukee’s power plants from old Oneida 
Street to Lakeside have all been noted for their contributions 
towards advancing the art of steam station design and operation. 
The new Port Washington Station adheres to this tradition and 
Mr. Post’s excellent paper will be studied in detail by power 
plant designers and operators. One is impressed with the pain- 
staking consideration given to all equipment and particularly 
by the complete dollar analysis applied to each decision. This is 
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good engineering, for little should be left to pure opinion or 
personal preferences unless these actually are justified by the 
economies of the ease. 

The decision to install 1 boiler per turbine is justified fully by 
the operating experiences of many plants. The writer has been 
an advocate of this system for years. The size of the units at 
Port Washington and the high pressure and temperatures em- 
ployed are the outstanding characteristics of this 1 boiler per 
turbine plant. 

In selecting boiler pressures, the engineers of this plant had 
the advantage of complete records of the 1,200-lb plant at Lake- 
side Station. In view of the excellent performance at this plant, 
one is not surprised at the decision to use this pressure at Port 
Washington, particularly when the various cost analyses indi- 
cated savings from the 1,200-lb plant. However, these savings 
are based upon 60 per cent load factor. One may question this 
assumption, for in the past, the average load factors of station 
equipment over their whole useful life falls greatly below this 
figure. It is evident that a long operating life is assumed as 
indicated by a rate of 13 per cent for annual fixed charges. If 
Port Washington is to be the base load station of the system, then 
Lakeside will be relegated to peak loads and its fine performance 
records accordingly will suffer. What is the basis for the selec- 
tion of 60 per cent annual load factor? 

Mr. Post takes pains to justify the use of 825 deg F steam and 
reheat temperatures. The writer believes that even higher 
temperatures could be fully justified. It is certain that special 
metals will be used for 825 deg F and the additional cost of 
materials for 25 to 50 deg F higher temperatures should not have 
been very great while the performances of the station would 
have been improved. One may expect stations operating at 


1,000 deg F within a few years. 


In view of the increasing use of slag bottom furnaces with high 
rates of heat release, the decision to use dry bottom furnaces with 
a heat release of only 15,000 Btu per cu ft will arouse much com- 
ment. Operating records of other stations with moderate rates 
of heat release such as Lakeside, Avon Beach, and Ashtabula, 
show low maintenance and high efficiency. The decision to re- 
tain this construction at Port Washington appears to be con- 
servative. 

The choice of the bin and feeder systems in place of the unit 
system also is contrary to present trends. This paper affords an 
opportunity to the advocates of the two systems to discuss 
thoroughly their merits and disadvantages in the light of recent 
operating results. 

The selection of bent tube boilers with 5 stages of bleeding and 
air preheaters continues Lakeside practice. From theoretical 
considerations, this is the proper arrangement of heat recovery 
apparatus in spite of the increasing use of high pressure econo- 
mizers. 

Other writers have pointed out the savings in power to the 
boiler feed pump that may be secured by pumping cold rather 
than hot water. The Port Washington plant probably is the first 
to apply this idea in practice. This leads to the use of 3 bleeder 
heaters under full 1,600-Ib boiler feed pressure and their per- 
formance will be followed with interest. In designing these 
heaters as shown in Fig. 3 a new idea of sub-cooling the con- 
densate is introduced which Mr. Post claims will improve plant 
economy by 34 per cent. One is led to question why advantage 
has not been taken of providing more counter-current flow at 
the steam entrance to take advantage of the superheat in the 
steam at certain of the upper heaters, to lessen or possibly over- 
come entirely the terminal difference of the leaving feed water. 


While many savings are given in the paper, the writer did not — . 


notice any statement of the expected overall performance of the 
station in Btu per kwhr. Such a statement would be of wide 
interest as undoubtedly it would establish a new standard for 
steam stations. ; 


In Table VI the station peak capacity is valued at $75 pe 


not be unduly expensive to construct. 
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kilowatt. Is one to infer that this is the estimated cost of the 
new Port Washington Station? 

I. E. Moultrop: The design of the Port Washington Station 
described in the paper again points out the results that can be 
obtained by careful engineering study and intelligent economic 
analysis. While we may not agree with all of the conclusions 
advanced in the paper we know that at least the decisions are 
backed by the best engineering judgment. Many of us agree on 
the selection of the economical pressure for the new station, and 
it is hoped that the authors accomplish what they predict as a 
result of the steam temperature selected. 

As we raise the operating steam temperature nearer and nearer 
the limit of the available materials of construction, the control 
of the steam temperature becomes increasingly important. It 
would be interesting to receive the operating results and to com- 
pare them with the design expectations as shown by curve 1. 
If the authors are able to obtain these flat steam temperature 
characteristics, they will have solved the major problem that has 
retarded the adoption of steam temperatures above 750 deg F, 
and will have gone a long way toward justifying the abnormally 
large furnaces used in their design. 

We have recently made a careful study of the design of a new 
high pressure reheat station and our investigation showed a lower 
cost per unit of capacity for the cross-compound turbines with 
constant back pressure on the high pressure turbine as compared 
with the straight tandem-compound design. Furthermore, by 
the use of multiple-valve high and low pressure turbines and the 
proper heat balance arrangement, the same economy can be ob- 
tained above 60 per cent of full load and the difference in economy 
between the two designs is only 1.3 at 45 per cent of full load. The 
constant back pressure design has much to recommend it, and 
should not be discarded without careful study of all the advan- 
tages and disadvantages. 

It is believed that The Milwaukee Electric Railway & Light 
Company is the only large utility still using the large ‘lazy 
flame”’ furnace with low heat release. Most new installations are 
designed for a heat release of twice that used in the Port Wash- 
ington design and our studies indicate that the higher heat 
release designs should be cheaper to build. It will be interesting 
to hear later whether the lower furnace maintenance costs have 
justified this greater investment. 

We must admit that the control of steam temperatures by 
means of desuperheaters is not all that could be desired, but it 
is workable and offers one solution of the problem. 

The difficulties with, and high maintenance costs for economi- 
zers mentioned in the paper were true of the designs of 5 years 
ago, but the designs now offered by the manufacturers have 


_ eliminated most of the objectionable features. We feel that the 


economizer is an economical form of heat absorbing surface and 
has a place in the design of high pressure installations which 
cannot economically be replaced by the air heater or more boiler 
surface. 

- In view of the results being obtained in many stations with 
the unit system of pulverized coal firing, many of us cannot 
agree with the statements in regard to the comparative merits 
of this system in comparison with the bin system. We question 
especially the accuracy of the statement that in commercial 
operation the bin system will show 2.1 per cent better station 
economy than the unit system. We do not believe that this 
statement can be substantiated. 

The design of the high pressure extraction heaters used is 
extremely interesting and shows a marked improvement over 
designs used in the past. This design seems to provide a sturdy 
piece of equipment that should be free from troubles and should 
The arrangement for 
undercooling the heater drips is an outstanding development. 

Our studies confirm the conclusions of the author that outdoor 
iron-clad switches and structures are more expensive for 25,000 
volts than indoor or combination indoor-outdoor designs. But 
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our studies also have indicated that neither vertical nor horizontal 
isolation is justified economically when compared with the latest 
designs of non-isolated construction. 

R. C. Powell: The studies for the design of the proposed plant 
for the San Joaquin Light and Power Corporation at Herndon, 
confirm, in general, the conclusions arrived at by Mr. G. G. Post, 
viz., that a single boiler and turbine installation operating at 
1,250 Ib pressure and 850 deg F maximum temperatures for pri- 
mary superheat and reheat is the best economically, all things 
considered, and is as reliable as lower pressures and temperatures. 
Due to favorable climatic conditions, both the boiler and tur- 
bine together with some of the heaters at Herndon were to be 
installed outdoors. The capacity for Herndon (75,000 kw maxi- 
mum) approximated that of Port Washington. 

Mr. Post’s statement regarding inconvenience in operation 
and maintenance for the vertical compound unit is not confirmed 
by the experience at Station A after 214 years operation with the 
type where the high pressure units are mounted on the low pres- 
sure generator. So far as can be determined to date, such units 
have neither operating nor maintenance disadvantages. 

Mr. Post’s statement as to an investment saving of $250,000 
with 1 boiler over 2, checks very closely with an estimated saving 
at Herndon of $225,000. 

Mr. Post’s conclusions as to the relative costs of bent and 
straight tube boilers are confirmed by our studies, but experience 
at Station A with straight tube boilers does not confirm his con- 
clusions that straight tube boilers are deficient in water storage 
and circulation, or do not furnish dry steam even when forced 
severely, also, that there is any difficulty as regards water wall 
connections or in the removal of suspended solids. At Station A 
the load on a turbine unit has been increased from 10,000 kw to 
50,000 kw in approximately 35 seconds, with very little dis- 
turbance as regards pressure, temperature, or change in drum 
water level. 

Undoubtedly, the use of coal would have considerable influence 
upon the selection of boiler equipment, but, at least with oil and 
gas fuel, the higher investment for a bent tube low heat release 
furnace is not justified. Nevertheless, the cost difference is not 
great and Mr. Post is sound in sticking to something that his 
own experience has proved so successful. 

The writer fully agrees as to the advantages of high pressure 
heaters, although for somewhat different reasons than given. The 
experience at Station A with 1,600-lb pumps taking water at 
approximately the temperature given by Mr. Post, viz., 430 deg F 
has been very excellent with no difficulty due to varying tem- 
peratures. There is, as mentioned, somewhat better economy by 
pumping at lower temperature, but the real advantage is in the 
simplicity of one pump as against two in series. 

Philip Sporn: The conclusions as regards the mereury steam 
cycle, or even the less tried Benson cycle, most certainly are 
decisions that are justified fully in the light of the present avail- 
able knowledge as to the success, plus or minus, of each of these 
two methods of generation. It is, however, open to question 
whether the conclusion to adopt the 1,200-lb, 825-deg reheat 
cycle was reached after exhausting all other possibilities. For 
example: although a comparison was made with the 600-lb 
reheat cycle, no figures are presented for the 600-lb, 825 deg 
non-reheat cycle. If any figures were developed in this connec- 
tion, they would be most interesting. 

In connection with the various phases of the heat cycle and 
the effect of fixed charges on them, Mr. Post uses a figure for 
fixed charges of 13 per cent. While this perhaps is adequate, it 
might be pointed out that with money taken at 7 per cent and 
taxes and insurance at 1 per cent, a total of 5 per cent is allowed 
for depreciation and/or obsolescence. Under certain conditions 
5 per cent might not be sufficient. It is interesting, too, that 
the savings in fuel figured on the basis of a unit fuel cost of 
$3.80 per ton, would show up entirely differently if the fixed 
charges involved in the mining of fuel were taken into considera- 
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tion. This, of course, was not necessary in connection with the 
Port Washington Station, but obviously it has to be taken into 
consideration in a not uncommon ease where a plant and coal 
mine are operated as a unit. Again, from the broad national 
economic standpoint, it has a very definite significance. 

The conclusions and the report of the results of the battle of 
storage vs. unit system of fuel firing are extremely interesting, but 
it is not quite certain that the battle has been fought entirely on 
fair grounds. It will be noted, for example, by referring to Table 
VI, that the burden of excess investments of the storage system 
in the amount of $59,112 is compensated by capitalizing the peak 
capacity resulting from the smaller electrical demand, at the rate 
of $75 per kilowatt. The writer wonders whether a consideration 
of the entire system as a unit, rather than only this particular 
station would not show that the difference in capacity required 
by the 2 fuel firing systems could not be met several times over 
by excess capacity in the form of overload capacity on running 
turbines, or in the form of standby capacity in idle turbines; 
capacity that would go unused as a result of the saving in capacity 
at this particular plant. If that is the case, it is obvious that the 
eredit of $44,400 is not quite a sound credit. 

The electrical phases of the plant with the 3-system of busses 
are extremely interesting, but one wonders whether all the switch- 
ing end of the bus work involving a single unit really was con- 
sidered indispensable before the final decision was made toward 
its installation. It would be interesting to find out whether a 
scheme was considered which utilized 3-winding transformers for 
the main power group having a 26.4-kv winding on the low side, 
with a 22-kv auto-tap on this winding, and 132-kv winding on 
the high side. If this did not give proper phase relations, a 
straight 3-winding transformer could be used. With a 3-winding 
transformer it would of course be possible to make the 22-kv 
side delta and the 26.4 and 132-kv windings Y, with the idea of 
furnishing the present as well as future local power requirements 
at 26.4 kv. This would eliminate entirely the 22-kv switching 
and have the further advantage of not subjecting the generators 
to any hazards that may result from feeding directly into over- 
head transmission lines from the generator terminals. Again, 
Mr. Post shows reactors behind all the 22-kv breakers, a further 
item of expense. It is obvious that the elimination of the 22-kv 
bus would have eliminated the necessity for these. As far as the 
effect on the short circuit capacity of the other voltages is con- 
cerned, they might have been handled by higher reactance trans- 
formers properly distributed among the 3 windings. In trans- 
formers of this size it is no great burden to obtain reactances up 
to 22 per cent. It would be interesting to find out whether such a 
scheme was considered and what were the reasons against its 
adoption. ' 

Keeping in mind that a great deal of money is expended in 
switching, one wonders whether a scheme of tying together the 
auxiliary transformer to the main generator winding without a 
low tension switching was considered and why this was not 
utilized. For example, we have operated our Deepwater Plant 
that way for almost 3 years without any difficulty, and would 
duplicate such an arrangement today. 


In connection with the splitting of the auxiliary load in 3 
groups, namely, 2,300 volts alternating current, 480 volts alter- 
nating current and direct current, and the drawing of the line 
of demarcation between the two alternating current voltages at 
approximately 100 horse power, one is inclined to ask whether 
550 volts was considered and if so, what the reasons were against 
its adoption. Most low tension switching equipment in the 480 
voltage rating permits safe operation at 550 volts, and further- 
more, with the newer oilless switching equipment, the economic 
limit of the lower voltage is closer to 250 horsepower than 100 
horse power and permits a considerable saving by the elimination 
of the 2,300-volt switching equipment. Again, it would be 
interesting to find out why direct current service was adopted for 
the operation of turbine-room elevators, etc., and why it was 
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further thought desirable and/or necessary to supplement that — 
by battery service. It would appear that this was a refinement 
that could justify itself only in extreme conditions. 

G. G. Post: In his discussion, Mr. E. J. Billings makes two 
suppositions in referring to Table IV, one that if the radiant 
superheaters and reheaters did not work out quite as anticipated 
the furnace maintenance credit of $5,700 per year over the high 
heat release slag tap furnace might become a debit, and the 
other, that for the same reason the credit of $3,900 per year for 
better furnace availability might also become a debit. Admit- 
tedly, there might be differences of opinion in various engineer- 
ing phases of a plant of new design, such as this, but in the 2 
examples cited by Mr. Billings, The Milwaukee Electric Rail- 
way and Light Company feels that it has made no rash assump- 
tions for the bases of its caleulations. The company has been a 
co-developer of radiant heat absorbing surfaces since 1923 and 
has at its disposal actual operating records and accurate data on 
such surfaces, to say nothing of the experiences gained through 
their use. Actual furnace maintenance costs (including water 
and steam walls) on the 4 high pressure boilers at Lakeside dur- 
ing the twelve-months’ period ending July 1933, were $10,437 
for 306,593 tons of coal burned, or 3.40c. per ton. The figure 
includes any and all replacements, none having been changed to 
capital or depreciation accounts. 

As to availability, mention was made in the paper of the 93.7 
per cent which these 4 boilers averaged during 1932. To date no 
comparable record for a boiler with a high heat release slag tap 
furnace has been found. In making the calculation for avail- 
ability, it was assumed that the high heat release furnace would 
have an availability of only 2.5 points below that of the low heat 
release furnace :—87 4% per cent against 90 per cent. 

Mr. A. G. Christie inquired as to the basis for the selection of 
60 per cent annual load factor for the various calculations in the 
paper. Sixty per cent annual load factor was selected because it 
is expected that Port Washington will be operated at this load 
factor without detrimental effects to the economy at Lakeside. 
High availability, proved possible by the Lakeside high pressure 
units, will assist in obtaining the 60 per cent load factor. -Con- 
ditions at Lakeside, which will be the secondary plant of The 
Milwaukee Electric Railway and Light Company’s system after 
Port Washington is in operation, are different than would ordi- 
narily be expected because there the 1,200-lb cycle capacity is 
only 40 per cent of the total station capacity, the remaining 60 
per cent being straight 300-lb equipment, some of which is over 
10 years old. 


In providing load for Port Washington, the load will in effect be 
transferred from the comparatively inefficient 300 lb section at 
Lakeside. This will tend to improve Lakeside’s overall station 
economy, but also because of having to transfer a small amount 
from its 1,200-lb cycle during low load periods, Lakeside’s overall 
station economy has been considered as remaining the same. This 
is reasonable especially in light of the fact that partial-load heat 
consumption on the Port Washington 1,200-Ib cycle (compound 
operation) will be better than it is at Lakeside (constant back 
pressure). The transfer of load will not be as great as it may 
seem at present because by the time Port Washington goes 
into operation the load on the system as a whole will have 
increased. 


In Mr. I. E. Moultrop’s opinion, the 2.1 per cent better station 
economy for the storage system over the unit system cannot be 
substantiated. For Port Washington’s design with its single” 
boiler—single turbine, its large air heater without economizer, its F 
radiant superheating and reheating surfaces, its higher steam and 
reheat temperatures (850 deg F maximum), and its mill drying — 
with flue gas, and for conditions under which the station is ex 
pected to operate, each one of which enhances the difference, the 
2.1 per cent is conservative. In order to show how this total wi 
arrived at, the results of calculations for the component ite 
follow: 
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Reliability 

An outage or an interruption on any one of the 4 unit mills considered for 
the Port Washington installation would necessitate an immediate transfer 
of load to older equipment in another station where the heat consumption 
would be 2,500 Btu per kilowatt-hour power and coal would cost 66c. per 
ton more. Obviously, the economics of the case dictate operating Port 
Washington to its greatest possible extent. A statement by a company 
using both the unit and the storage system on an equal basis points out that 
in three months’ operation it was necessary, due to difficulties with unit 
mills, to reduce the load on the station from 5,000 to 12,000 kw on 7 different 
occasions. Should only 0.5 per cent of Port Washington’s total possible 
generation have to be transferred in a year, because of interruptions, to the 
poorer equipment whose heat consumption is 20 per cent poorer than Port 
Washington's, an 0.1 per cent loss in station economy would result. 


Storage Unit 
Mill Drying 


Reduced flue gas losses 
Due to 6 per cent of the flue gas discharged to stack at 150 
deg F instead of at 350 deg F............... per cent...0.35 0 
Due to greater mean temperature difference and greater 
heat absorption in air heater............... per cent. ..0.40 
OC a UW SALN toc eee Ae as Nine che oes ke Ce NS Bre per cent...0.75 
G@oaleven toss yh ecw seers teers cidco a were BOIS per cent... .0.25 
Net gain due to mill drying with flue gases...... per cent.. .0.50 
Temperature Variation 
a. Coal feed variations without hand adjustments per cent... 0 10 
DALLA MOM I OO gions gc, die shaeeieie eho ake enelereene per cent... 0 a Ch 
ce. Variation in radiant heat absorption.......... percent... 0 20 
d. Change in reheat temperature, (degF).................. 0 50 
e. Effect on station economy (1 per cent per 80 deg F on 
TOHOALALOMO) 7 enact eee a cheeks com ore per cent loss... 0.6 
Pressure Variation 
a. Boiler pressure variation................ ib/sq inte. ar 5 50 
b. Operating pressure, lb below popping point lb/sq in........ 50 95 
c. Lesser operating pressure................ Ib/sqrin an... 45 
d. Effect on station economy...............per cent loss... 0.6 
Air Heater Performance 
a. Quantity of room air used for tempering air through 
Ta Rs ava eet a ie ek Ae eens Me thans Saeed saissiaes per cent....... 0 10 
b. Resulting effect on flue gas exit temperature, deg F........ 12 
ce. Corresponding effect on boiler efficiency... per cent loss... 0.3 
Summary 
SErOA LOMPOUADINLGY § gece che Ao ale ora yet sepals kes ou Binte ei stete 0.1 per cent 
TMUTIDLACG Wang Sec 0 6 fra Beet eeie  epoeeig i ESE Ok O LOIRE GL CueEg eRe Eee 0.5 per cent 
fhemperature variation gains; .- 5 S556. 2 es de ee ce we 0.6 per cent 
IENOSSUTOLVAlia Onl, PAILS << telets as erode are Pera slats ae sue, <=c) Suess oe or 0.6 per cent 


Heuer air neater. DELTOLMANCE 65 /65:6.«. erscace 650: b-0ny 010 wueeve ws oie 0.3 per cent 


Total advantage of storage system.......................2.1 per cent 


Mr. Philip Sporn takes exception to capitalizing the value of 
the greater kilowatt demand of the unit system motors at the 
time of the station peak, maintaining that the extra or over- 
rating capacity of this station, or of others on the system, would 
be sufficient to absorb the small increase in demand created by 
these motors. While the argument may at first seem reasonable 
and it may be difficult to allocate certain station capacity to 
individual loads, it must be admitted that some station capacity 
is required, even for a load as small as that of a residential con- 
sumer. That this is recognized generally, is attested by the 
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“demand charge’ feature of electric service rates. In general, 
load cannot be put on a system without providing station ca- 
pacity to carry it. 

Another point mentioned is the omission from the compari- 
sons of a table showing figures for the 600-lb, 850 deg F station 
operating without reheat. It was omitted because calculations 
showed that the 600-lb station with reheat effected a $16,100 
larger net annual saving than did the 600-lb station without 
reheat, and therefore, the former was selected in making the 
comparison with the 1,200-lb cycle. Space did not permit 
printing this comparison nor many other interesting studies 
made for the Port Washington station. 

Concerning the electrical features, reference to Fig. 5 will 
indicate that there is in reality but one bus in the station, this 
being the 22,000-volt bus. The 26.4-kv and 132-ky busses are 
for transfer purposes only. All switching is intended to be done 
at 22-kv and transformers are in effect portions of individual 
transmission lines. It was thought desirable to provide a 22,000- 
volt bus to effect economies in switching and to permit industries 
that might locate in the vicinity of the plant to connect directly 
to the bus bars without the need of transformation. This is 
important when it is remembered that such industrial load might 
amount to as much as 150,000 kilowatts. The use of a 22,000- 
volt bus dictated the use of reactors in all the lines except those 
supplying the transformers stepping up to 132 kv. Reactors are 
not necessary in the leads of the 132-kv transformers because the 
phase conductors are isolated. At the Lakeside plant, 10 over- 
head transmission lines operating at generator voltage are con- 
nected to the station bus through only a few hundred feet of 
underground cable and since no trouble has been experienced we 
do not believe there will be any hazard in similarly connecting 
overhead transmission lines at Port Washington. 

In the auxiliary service 480 volts was used because this is the 
auxiliary voltage at Lakeside and also is a standard voltage on 
the company’s system. The division between 2,300 volts and 
480 volts was made at 100 hp because in the first unit of the 
station it would have cost $5,300 more to have made it at 250 hp. 

The switching arrangement shown for the first unit is tem- 
porary in some respects but is such that it can easily be changed 
to conform to the expected ultimate arrangement. Three-wind- 
ing transformers for the main power group were considered but 
were not adopted because no ultimate saving could be effected. 

We have always considered it desirable to install oil circuit 
breakers between generator leads and auxiliary transformers so 
as to permit the disconnection of such transformers without inter- 
ruption to service. The station is being built to operate at a high 
availability factor and in our opinion the relatively small addi- 
tional expense for disconnecting the auxiliary transformer was 
justified. 

Direct current service was adopted for certain equipment and 
backed up with a battery because this system will be used for 
reserve excitation and for driving the pulverized fuel feeders 
supplying coal to the furnaces. It is very desirable in case of 
system disturbances to be able to control the fires accurately in 
order to restore service more promptly. 


Progress in ‘lhree-Circuit ‘Theory 
BY A. BOYAJIAN: 


Fellow, A.I.E.E. 


INTRODUCTION 


FTER some ten years of experience in the applica- 
tion of three-circuit theory to a variety of trans- 
former problems, some limitations are encountered 

in the application of the elementary theory to certain 
types of problems. The purpose of this paper is to 
point out what these limitations are and how they may 
be circumvented. 


PRESENT THEORY 


In a few words, present theory states that, so far as 
load characteristics are concerned, each circuit of a 
three-circuit transformer may be assigned an individual 
leakage impedance, and then no explicit thought need 
be given to any mutual inductive effects between cir- 
cuits. Handling of three-circuit problems is remarkably 
simplified by this theory. It is generally assumed as 
applicable to all single-phase and polyphase circuits. 


LIMITATIONS OF THE THEORY 


According to the above elementary theory, if two 
secondaries have identical impedances with respect to 
the primary, their individual leakage impedances will 
be equal and their simultaneous short-circuit currents 
will be equal and of the same power factor. Common 
sense (uncritical common sense) also would seem to de- 
mand such a conclusion, without any elaborate theo- 
retical arguments. Recent experience has shown, how- 
ever, that such is not necessarily the case in some 
polyphase transformers, and that particular attention 
to symmetry and the balancing of reactances may 
actually cause a large unbalance in load division. It 
is found further that such unbalance may change with 
change in the phase rotation of the excitation. Such 
anomalous behavior calls for a searching inquiry into 
the foundations of both theory and common sense. 
May it not be that we have generalized too far? 


EXAMPLE 


Fig. 1 shows a transformer with a delta primary, and 
two oppositely zigzagged secondaries. For simplicity, 
assume all the zigs identical and those on each core leg 
perfectly interwound, and all the zags identical and 
those on each core leg perfectly interwound. It follows 
that Z,, must be identical with Zac. If Zc, which can 
be any value desired, also is given or calculated, the indi- 
vidual three-circuit impedances of the three branches, 
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according to the well-known elementary theory, would 
be 

Zs = (Zan — Zao + Zca)/2 = Zan — (4zc/2) 

Zs = (Zzc— Zoa + Zas)/2 = Zao/2 

Zo = (Zoa— Zan + Zac)/2 = Zac/2 
as shown in Fig. 2. 

There is not the remotest hint in such an equivalent 
circuit that, if both B and C are simultaneously short- 
circuited, their currents may be displaced out of proper 
phase relationship with respect to each other and to the 
primary or that they may be grossly unequal numeri- 
cally, or both, as shown by experience. Furthermore, 
there is nothing in such a diagram to indicate the 
possibility of reversal of load division with reversal in 


[Do 


lanes Pe 


the phase rotation of the excitation, whereby the secon- 
dary which, with the former phase rotation, had the 
larger current may now have the smaller current. 

What could be the explanation of such strange 
behavior? | 


EXPLANATION OF PHENOMENA 


A vector diagram may perhaps best serve to make 
this clear. ‘ 

In order to simplify the matter, resistance will be 
ignored in this preliminary analysis, as it is included in 
the equations later on. 

If 1, 3 and 5 in Fig. 1 are short-circuited to th 
neutral, the primary excited, and 2, 4 and 6 treated 
voltmeter coil terminals, applying three circuit eq 
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tions to the individual coils, instead of to the line 
terminals, we obtain vector diagrams like those shown 
in Figs. 3A and 3B. 

In Fig. 3A, €.: and é; are the three-winding leakage 
impedance drops of coils a; and 6,, respectively. The 
dotted vectors e,:’ and @3:’ are the voltages delivered 
to those coils by the primary to overcome their im- 
pedance drops. Note that the total voltage consumed 
per phase (like the resultant of e.; + ¢:), and the total 
voltage delivered per phase (like the resultant of 
€ai' + @y1’), are equal, as they ought to be, for the short- 
circuit condition; but, the voltage consumed by a coil, 
like e,:, and the voltage delivered to that coil, like e.1’, 
are not identical. 

The vector diagrams of phases 3 and 5 are con- 
structed in the same way as that of 1. 

In Fig. 3B, the component voltages of phase 2 of the 
idle secondary are shown. Since coil a2 is assumed inter- 
wound with a, it follows that e.. and e,2’ will be the 
same as é€,, and @,;’. Similarly, since c. is interwound 
with c3, their component voltages will be identical, and 
thus we get e,. and @,2’. The resultant reactance voltage 
of phase 2 will be e.; the resultant delivered voltage e.’; 
and the resultant measurable terminal voltage (e2’ — é2). 
It may be seen that both the magnitude and the phase 
angle of e, will change with changed ratio of e,2 and @,». 
It also may be seen that the measured voltage, (e2’ — é2) 
will change in magnitude and phase angle with changes 
in é,, and may be either in phase, or in advance of, or 
lagging behind, the induced voltage of phase 2. 

The interesting conclusion follows that, ignoring all 

losses, a zero power factor load in the secondary 1-3-5 
may induce either a leading, or an in-phase, or a lagging 
voltage, in the secondary 2-4-6, depending on the ratio 
of the individual three-winding reactances of the zigs 
and the zags. That is, the mutual impedance due to a 
wattless current may have either a positive or a nega- 
tive power component depending upon whether it is 
leading, or lagging behind, the voltage induced by the 
main flux. 
' If the reaction of a zero power factor load in the 
secondary 2-4-6, on the other secondary 1-3-5, is 
analyzed, similar to the foregoing, it will be found that 
if the load of the first secondary causes a lagging voltage 
in the second secondary, then the load of the second 
secondary will cause a leading voltage in the first 
secondary, as shown in Fig. 3c. 

It follows from the foregoing that with currents of 
equal magnitude and power factor in the two sets of 
secondaries, their mutual action will tend to advance 
the voltages of one set of secondaries, and retard those 
of the other set, and will thus introduce a phase angle 
unbalance between the currents of the two sets of 
secondaries, in spite of the fact that the two sets are 
perfectly symmetrical by ordinary criteria. The phase 
angle unbalance may be better recognized if one con- 
‘siders the condition under which it would be absent. 
That condition is that, in Fig. 3B, e: coincides with 
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és’; and, in Fig. 30, e; coincides with e;’, a condition 
which could be realized by properly proportioning the 
lengths of e.2 and @.2, or of éa; and é,:, since, if one pair 
is proportioned properly, the other must follow by 
symmetry and interwinding for the present case. Under 
this condition, there will be no tendency for the two 
secondaries to drift from their normal angular relation- 
ship with respect to each other. 

In a transformer to which Figs. 3B and 3c apply, if 
both secondaries are short-circuited, the currents in one 
will be advanced, those in the other retarded, with 
respect to their normal individual short-circuit currents. 
Since the normal is zero power factor, it follows from the 
advancing of one and the retarding of the other, that 
there will be a circulating power between the two 
secondaries. 

Under the condition just considered, that is simul- 
taneous short-circuit with negligible resistance, the un- 
balance in the currents will be one of phase angle only, 
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the numerical values being the same. However, if the 
resistances of the windings also are taken into considera- 
tion, it will be seen that the circulating kilovoltampere 
will not be in quadrature with the normal share of each 
secondary in their simultaneous short-circuit kilovolt- 
ampere, but at an angle more than quadrature with 
respect to one secondary, and less than quadrature with 
respect to the other secondary, and thus there will 
result an unbalance in the magnitude of the currents 
of the two sets of secondaries, as well as in their phase 
relationship. 

If the two secondaries have identical load connected 
across them, their voltage regulations will be found 
dissimilar. 


CRITERION OF BALANCE OR UNBALANCE 


In Fig. 3D, e: is reproduced from Fig. 3c without any 
change; e. is reproduced from Fig. 3B retarded through 
the angle @ by which phase 2 normally leads phase 1. 
If in Fig. 3B e: had coincided with e.’; and, in Fig. 3c, 
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e, had coincided with e,’, then the two vectors in Fig. 
3D would coincide with each other and their vector 
difference would be zero; but, otherwise, of course, not. 
The dotted vector, (Ae = e;— e, /— 9), is therefore the 
unbalanced voltage which produces a circulating kilovolt- 
ampere between the two secondaries. 

This criterion applies whether or not the two secon- 
daries are symmetrical. It also applies to the simpler 
cases, as in a transformer with one Y secondary and one 
delta secondary. 

If the magnitudes of the rated circuit voltages are 
not the same, the vectors of Fig. 3D must of course be 
reduced to the same rated voltage basis. This condi- 
tion is of course automatically satisfied if the impedance 
drops are expressed as percentages. If the phase angles 
of the rated circuit voltages are not the same, the vectors 
of Fig. 3D must be corrected for that also, as has been 
done already by retarding e, through the angle (@) by 
which its phase is normally in advance of the phase of é:. 

Equations for the determination of these vectors are 
developed in the appendix. 


EFFECT OF PHASE ROTATION 


Whether phase 2 or phase 1 is leading, will depend on 
the phase rotation of the excitation applied to the pri- 
mary; because, if the phase rotation is reversed, the 
vectors e; and é, in Fig. 8D will be interchanged, and, 
hence, the circulating kilovoltampere will be reversed, 
and consequently the loading of the two secondaries 
will be interchanged. 


TESTING 


The magnitude and phase angle of the mutual 
impedances between the two secondaries for their load 
currents can be determined by test with the aid of 
voltmeters and wattmeters, one set of windings being 
short-circuited at a time. If the vector diagram of the 
normal voltages is known, the determination of the sign 
of the angles measured by the wattmeter is simplified. 
An a-c potentiometer would be very useful. 

Simultaneous short-circuits on the two sets of 
secondaries would be the quickest means of determining 
the presence or absence of balance. 

Another method of determining the mutual im- 
pedances is to short-circuit the primary, with excitation 
first on one set of secondaries, and then on the other. 


CONDITION FOR THE DIRECT APPLICABILITY OF THREE- 
CIRCUIT THEORY 


In generalizing from the foregoing illustration, it 
might appear that the anomalous behavior arises from 
the angular displacement or phase-shift between the 
two secondaries. However, that is not true. If one 
of the secondaries had been in Y, the other in delta, 
with 30 deg angular displacement between them, the 
strange phenomena mentioned above would not have 
taken place. Or, it might appear that the secondaries 
are six-phase and imply phase transformation, and that 
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phase transformation is causing the anomaly. But that 
is not true either. Phase transformation from three to 
six can be obtained by double-Y or double-delta con- 
nection without giving rise to any such phenomena. 
Two-phase-three-phase transformation also may be 
accomplished with double secondaries without involving - 
such anomalous behavior. 

These strange phenomena arise under conditions in 
which interconnection or cross connection of phases is 
involved, and said interconnection is different in one than 
in the other secondary. For instance, considering 
secondary phases 1 and 2, it may be seen that their 
long coils are on the same core leg, but their short coils 
are on different core legs. ; 

The truth of the foregoing point of view may be made 
clearer by reviewing the very reasoning on which three- 
circuit theory of polyphase circuits is based. Those 
familiar with the customary presentation of the subject 
will remember that three-circuit theory is first de- 
veloped based on a single-phase transformer, and then 
the statement is made that what has been said holds 
true of each phase of a polyphase transformer, like a 
single-phase circuit, and is therefore directly applicable 
to a polyphase transformer. The generalization as- 
sumes, obviously, that each leg of the polyphase trans- 
former is a pure single-phase circuit, and, consequently, 
if each leg is not a pure single-phase circuit, but consists 
of an interconnection of phases, the reasoning under- 
lying the generalization does not necessarily apply to 
it any more. It would, however, apply to each coil 
because coils assigned individual impedances would 
constitute pure single-phase circuits among themselves. 
It must not be assumed, however, that all circuits with — 
interconnected phases must necessarily be capable of 
behaving anomalously. | 

Since it is not possible to anticipate the infinite 
variety of possible transformer connections involving 
interconnection of phases, how can we state in a general 
way the condition under which the elementary three- 
circuit theory and network are directly applicable to 
them and adequate? Possibly in the following manner: 


THEOREMS 


1. Single-phase three-circuit equivalent networks and 
equations are directly applicable to polyphase circuits, 
provided that there is the same angular displacement 
between the self- and mutual-load impedances, as be-— 
tween the normal induced voltages. ‘ 

2. When there is no cross-connection between phases, — 
the above condition is satisfied automatically; but when 
such cross-connection exists, the above condition ma) 
or may not be satisfied. In at least the simpler sym 
metrical cases, the impedances may be so designed as 
satisfy the above condition. 

3. When the condition in (1) is not satisfied, t 
circuit theory still may be applied, but to the individ 
component coils only, to obtain the resultant volta 
at the line terminals. 
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Appendix 


GENERAL EQUATIONS 


Referring to Fig. 1, with J,, I; and I;, and I, I, 
and J;, as percentage currents in the corresponding 
lines; k.1, etc., representing the voltage of a; as a frac- 
tion of the line-to-neutral voltage of phase 1, etc.; the 
various impedances expressed as percentages to a 
common kilovolt-ampere basis; the resultant per cent 
impedance drop in a representative phase in each sec- 
ondary will be, 


Be ANZ cares) Kar + Z aatwazy Kar’ 
+ Zo (0303) ko? + Zorcpo3) kor" 
— Is Zp asa Kaskar — [3Zp(6301) Kosks: } 
+ LZptaran Kerker — [Zp asayy Kaskor 
+ DeZp bobs kooks: — TZ pco4n1 koakor } 


in which the quantities within the first pair of braces 
represent the drops in phase 1 due to the currents in 
the secondary B; and the quantities within the second 
pair of braces, the impedance drops in phase 1 occa- 
sioned by the currents in the secondary C. Similar to 
the foregoing, 


@2 = { Le [Zp aay) kas” + Zar(pas) kar” 
+ Znterce) hes® + Zeacpes) Keo” 
— LZ p(a4az) Kaskar — [eZ p(eges) keoker } 
+ { LZ p(a109) Katkas — IsZptasax) Kaskor 
+ IsZ p(e3e2) Keskes2 — IsZpcesca) kesker } 


These general equations can be simplified a great deal 
in practical cases either by symmetry or duplication of 
coils, or both. For instance, assuming that the long 
and the short coils of B are the duplicates of the cor- 
responding long and short coils of C, only two k’s need 
be used: k, for the long coils, and k, for the short coils. 
Furthermore, if all the long coils on each leg are inter- 
wound, and similarly all the short coils on each leg inter- 
wound, only three coil designations and corresponding 
individual three-circuit impedances need be used: Z, for 
the primary, Z; for the long coils, and Z, for the short 
coils. Zpcaja2) becomes Zp, and Zp(515,) becomes Zps. 
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With these substitutions, the foregoing equations 
reduce to, 


e: = {Iy|Zke + Zk? + Zhe + Zk! 
Ake [eZ kik, } +t LoZaike 
Sheol 2.ke— 1 Zokike 

ey Sl Te PED kek eT kee Zk 
54 Aa NA a AA 
Al Rieke 12 Ki, 


Further simplification may be effected by combining 
and rearranging the terms as follows: 


Cn = { I, (Zpik? = Zk?) Fz (Is 42 I;) Z kik; } 
=r { IZ yk? — 21,2 kik. Ss TZ nok? } 
= { I, (Zpik? = Lik) a (L4 SS fF) Z kik, } 
== { LZ yk? = 21;Z pk ik. = TsZysk } 


In general J; and J; may be assumed as symmetrical 
with J; and expressed in terms of J,; similarly, J, and 
I, may be assumed as symmetrical with J, and expressed 
in terms of J2, so that only two independent currents, 
I, and J., need appear in the equations. Then, if e, 
and é» are given (as, for instance, for simultaneous short 
circuits e; and é, are the respective no-load phase 
voltages) then J; and J, may be solved for, vectorially. 
Or, if Z; and J, are given, then e, and e. (the vector 
voltage drops in the respective phases), and hence the 
regulation of the two sets of secondaries, may be 
calculated. 

The voltage unbalance resulting from normal sym- 
metrical balanced currents in the two sets of secondaries 
will be 


(Ait Gf 6 = I3— hf 9) Zk? 
— 2(I,— 15 /— 9) Zkike + (Is— Is / = 9) Zyske 


For perfect balance between the two secondaries, the 
foregoing equation must be equal to zero. Accordingly, 
if k;, k, and @ are given, the proper ratio of Z,, Z:, and Z, 
may be determined to make the equation zero. Since @ 
is dependent on the relative length of / and s coils, it 
will be found that Z, may be cancelled out in the fore- 
going when Z,, is replaced by (Z, + Z:), and Z,, re- 
placed by (Z, + Z.). 


The Polarity Factor in the Kindling of Electric 


Impulse Sparkover Based Upon Lichtenberg Figures 
BY C. E. MAGNUSSON* 


Fellow, A.I.E.E. 


Synopsis.—The paper presents the results of a photographic 
study of successive steps in the kindling process of impulse sparkover 
in unsymmetrical dielectric fields. The photographs confirm the 
theory, established by the bending of the electric figure streamers when 
formed under stress of the magnetic field, that electrons primarily are 


the active elements in the kindling mechanism. The figures also 
indicate that in a field of ionizing potential gradient the bridging of 
the spark-gap (10.5 cm) is due largely to extension of the streamers 
or channels from the positive electrode; and that space charges affect 
the impulse-sparkover process. 


INTRODUCTION 


HE effects due to polarity in high voltage electric 

phenomena have not received attention commen- 

surate with their importance. By far the greater 
number of investigations by engineers on the nature of 
high voltage discharges have been made on symmetrical 
or homogeneous dielectric fields; using electrodes es- 
sentially of the same size and shape: two like needle 
points, two spheres of the same size, or two parallel 
wires of like diameter. Comparatively little work has 
been done on unsymmetrical or non-homogeneous fields, 
using electrodes differing in size and shape:!?*%4 as 
needle point to sphere, needle point to plane, sphere to 
plane. Moreover, no equations or quantitative rela- 
tions have been developed for correlating the like elec- 
trode experiments to conditions of unsymmetrical di- 
electric fields, as existing with electrodes differing in size 
and shape. 

Extended investigations by engineers on high voltage 
phenomena relate, in the main, to alternating currents, 
largely because the most urgent need for more informa- 
tion on electric discharges, as corona and sparkover, 
developed in connection with the rapid expansion of 
alternating current, electric power systems. Interest 
has been primarily centered on high tension problems 
relating to the design and operation of alternating 
current transmission systems, particularly with refer- 
ence to corona and to transient electric phenomena 
caused by switching and by lightning. But even for 
alternating currents very little is known about the 
mechanism of sparkover, corona and other forms of 
electric discharges. ‘The experimentally determined 
quantitative relations for producing corona, sparkover 
or other forms of electric discharges still are expressed, 
at best, by empirical equations that apply only under 
limited, specified conditions. Reliable experimental 
data that may be used as a basis, even for empirical 
solutions of direct or unidirectional, high-voltage, elec- 
tric-discharge problems, are meager and for many cases 
entirely lacking. 


*Professor of Klee. Hngg. and Director of the Engg. Experi- 
ment Station, University of Washington, Seattle, Washington. 

1. For references see bibliography. 

Presented at the summer convention of the A.I.E.EH., Chicago, 
Illinois, June 26-30, 1938. 


33-71 


918 


In lightning investigations the polarity factor has of 
necessity received much attention, but the lack of 
adequate basic information on the nature of, and the 
difference in, the mechanisms of the air breakdown 
process at the positive and the negative electrodes has 
made it impossible to interpret the accumulated data 
satisfactorily. 

The experiments described in this paper were made 
in order to obtain photographic evidence relating to po- 
larity effects for electric impulse-sparkover in unsymmet- 
rical or non-homogeneous dielectric fields. In order to 
keep the experimental conditions as simple as possible, 
the investigation was limited to the initial or kindling 
stage of impulse-sparkover and the energy content of the 
impressed potential impulse was kept very small to mim- 
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mize, as much as possible, the thermionic effects. This 
implies that the duration of the electric impulse at peak 
voltage must be made very short—a microsecond or 
less—and that, in order to stop the sparkover process at 
any desired point, the quantity of energy discharged 
must be correspondingly small. The electric impulses 
either were strictly non-oscillatory or had very slight 
polarity reversals. The potential impulses, as deter- 
mined by cathode-ray oscillograms, had wave fronts of 
approximately 214 microseconds and of very short peak 
duration. However, the time required to form the elec- 
tric figures is only a fraction of a microsecond; the 
velocity of formation, according to Pedersen,® being 
approximately 4°10’ em per sec. 
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To obtain strictly non-oscillatory impulses of steep 
wave front, of high voltage and short time-duration, is a 
difficult laboratory problem. This is evidenced by 
attempts to explain reversal of polarity in the figures as 
being due to a backwash or reaction‘ from the space- 
charges produced during the initial stage of the figure- 
forming impulse. The complete absence of any 
reversal at either electrode, as shown in Figs. 5, 6, 7, 8 
and 9, proves that this assumption is not well founded. 

The usual method of inserting resistance in the dis- 
charge circuit to prevent oscillations cannot be used to 
advantage, as the resistance affects the steepness of the 
wave front and the resulting forms of the electric figures. 
Non-oscillatory discharges having the desired steep 
wave fronts were obtained: by thoroughly grounding one 
of the terminals connected to the photographic plate; by 
having as little inductance as possible in the discharge 
system; and by using a trickling charge process in raising 
the sphere-gap to the required sparkover potential. 
The automatic series discharge from parallel-charged 
circuits, generally used in high voltage impulse genera- 
tors, could not be used, as the resulting figures indicate 
oscillatory discharges. 

In order to record photographically the effects pro- 
duced by the polarity factor in electric impulse spark- 
over, two types of electrode arrangements were used. 


Fig. 2—PuHotToGrapHic PLATE wiITH BARRIER 


1. A barrier, after Marx,” placed near one of the two 
like electrodes forming an obstruction in the direct 
sparkover path. 


2. Electrodes differing in size and shape. 


BARRIER EXPERIMENTS 


A cross-section of the plate holder, with photographic 
plate in position is shown in Fig. 1. The ends of the 
2 electrodes, cylindrical rods 0.2 cm in diam, spaced 
10.5 em apart, and attached to the cover of the holder 
are in contact with the emulsion surface of the photo- 
graphic plate (Eastman Speedway). 

A glass barrier, 4 em long, 0.5 em high and 0.2 em 
thick was placed on edge near one electrode so as to 
form an obstruction in the direct sparkover path, as 
shown in Fig. 2. The barrier was firmly attached to the 
photographic plate by means of bakelite cement. 

_ The ohmic resistance of the emulsion film on the 
photographic plate (Eastman Speedway) at room 
temperature, measured by low voltage galvanometer or 
wheatstone bridge methods; was found to be very high, 
pproximately one-tenth that of the glass itself. For 
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continued application of even moderate voltages the 
resistance of the emulsion film decreases rapidly. 

The sharpness of outline of the electric (Lichtenberg) 
figures, as well as the marked tendency of the sparkover 
path, produced by impulse potentials, to follow the 
emulsion film surface in preference to more direct and 
considerably shorter routes through the surrounding 
air, may indicate that the air resistance at the plate 


Plate Holder 


Fig. 3—Circuir DiacramM 


Diam of spheres: 25.4 cm and 10.0 cm, respectively; Ri: 2,000 to 100,000 
megohms; Re: 254 megohms; C1: variable, from 100 to 1,400 microfarads. 
Section D-E:non-oscillatory discharge circuit 


surface is less, or that ionization occurs more readily on 
or very near to the film surface, than in the open air 
space. 

The presence of the photographic plate in the space 
near the electrodes necessarily affects the distribution of 
the dielectric flux. The higher permittivity of the 
photographic plate (glass and emulsion film) combined 
with the modified ionizing properties of the air layer in 
contact with, or very near to, the film surface probably 
affect the potential gradient of the impulse wave and the 
resulting paths or figures. The circuit diagram for the 
electric figures illustrating this paper is shown in Fig. 3. 


Fig. 4—Point EvLectropgs, Spacep 10.5 Cu 


Air pressure: 20.0 cm Hg; spark gap: 2.00 cm 


The d-c power supply consisted of 21 condensers 
charged in 3 parallel groups, but connected in series 
during the discharge operation. The energy charge that 
produced the electric figures was transmitted from the 
supply at B, to the sphere spark gap, through the high 
resistance R, (from 2,000 to 100,000 megohms); in- 
creasing the potential at the point D until the spark 
gap discharged to ground. With the supply voltage 
sufficiently high, a rapid succession of sparkovers would 
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occur. The switch, S, was kept closed, short-circuiting 
the plate holder, except during the discharge of a single 
sparkover, which produced the desired non-oscillatory, 
electric figures on the photographic plate. For most of 
the photographs illustrating this paper, only the energy 
stored in the sphere gap itself (approximately 2.10-° uf) 
entered into the discharge. 

The potential of the impulse wave is expressed in 
terms of the main circuit spark-gap spacing, which 
could be definitely measured, instead of in computed 


Fig. 5—Atr Pressure: 30 Cm Hea, Evecrropes Spacep 10.5 Cm 


Barrier (4 cm x 0.5 cm) 0.8 cm from negative electrode. Circuit spark 
gap: 2.5cm 


kilovolt, because the space-charges formed at the plate 
holder electrodes and in the spark gap introduced 
variations, the magnitude of which could not definitely 
be determined. 

The non-oscillatory discharge circuit, Fig. 3, produced 
impulse-sparkovers of steep wave fronts and of small 
energy content. However, although the energy content 
was small, the electric power, during the discharge, was 
large as the time in which the figures were formed was 


Fic. 6—Arr Pressure 18 Cm Ha, Execrropes Spacep 10.5 Cm 


Barrier (4 cm x 0.5 cm), 0.7 cm from positive electrode. 
gap:1.2cm 


Circuit spark 


very short, in the order of 10-7 seconds. For the dis- 
charges at atmospheric pressure more energy was re- 
quired, which was provided by means of the variable 
condenser C;. Several sets or series of exposures, for 
varying impulse potentials, were made at air pressures 
of 18, 30, 50 and 76 em hg, respectively. Although the 
change in air pressure caused well known modifications 
in the size and appearance of the electric figures, the 
kindling mechanism of the sparkover process appears 
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to be essentially the same throughout the range covered 
by the experiments. 

To distinguish more readily the effects resulting from 
a barrier placed in the direct sparkover path a pair of 
electric figures produced by arrested sparkover between 
point-electrodes (symmetrical dielectric fields, and with- 
out barrier), is shown in Fig. 4. 

With a glass barrier firmly attached to the emulsion 
surface, as shown in Fig. 2, and by placing the plates 
in the holder, so as to have the barrier at either the 
positive electrode, as in Fig. 6, or at the negative 
electrode, as in Fig. 7, several series of exposures were 
made; with impressed impulse-potentials, duration of 
peak-potentials and air pressures the variable factors. 
The photographs obtained give evidence that not only 
the impulse potential and air pressure affected the form 
of the electric figures but likewise the duration of the 
peak potential, or the quantity of energy released by the 
discharge. 

At the higher air pressures and for producing complete 
sparkover, the energy content of the discharge was 
varied by means of the condenser C,, Fig. 3. The suc- 


Fig. 7—Arr Pressure: 35 Cm Ha, Evecrropgs Spacep 10.5 Cm 


Barrier (4 cm x 0.5 cm), 0.7 cm from negative electrode. 
gap: 4.0cm 


Circuit spark 


cessive steps, or stages, in the electric discharge figures 
were obtained by adjusting the discharge circuit so that 
the energy content of the impulse recorded had just 
spent itself at the desired point in the sparkover process. 

The effects produced on both the negative and posi- 
tive Lichtenberg figures by a barrier placed in the direct 
path between the electrodes, as illustrated in Figs. 5 
to 9 inclusive, are in full accord with the basic principle 
that electrons and not positive ions form the active 
elements in the kindling mechanism of electric impulse- 
sparkover. Specifically it is assumed: 

1. At the negative electrode: that at the start, or 
during the initial step, (formation of the negative elec- 
tric figure) electrons are projected away from the nega- 
tive electrode.” 

2. At the positive electrode: that at the start, or 
during the initial step, (formation ‘of the positive elec- 
tric figure) electrons move towards and fall into the 
positive electrode, as suggested by Nipher’ (1910), by 
Yoshida’ (1917), and experimentally proved® in 1930 
by the bending of the streamers of the electric figures, 
when formed under stress of the magnetic field. 
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3. That the positive streamers develop away from 
the positive electrode! (the electrons moving towards 
the positive electrode), as long as the potential gradient 
at the tip of the streamer is sufficiently high to produce 
ionization. 

4. That the positive streamers during the formative 
stage (ionization by collision) are paths or channels of 
comparatively low resistance. 

The effects of the barrier, on both the negative and 
positive figures, are in full accord with the above 
assumptions. 

First. If the barrier is near the negative electrode, 
as in Figs.5 and 7. In no case did electrons pass under 
or through the barrier. The parts of the negative figure 
appearing on the left side of the barrier in Figs. 5 and 7 
are not an extension of the electron stream originating 
at the negative electrode. It is evident that, if the po- 
tential gradient of the impulse be of intensity sufficient 
to produce ionization on the left side of the barrier, 
the negative streamers would be formed outside the 
barrier. Hence, the negative streamer segments, al- 


Fic. 8—Arr Pressure: 18 Cm Hea, Evecrropes Spacep 10.5 Cm 


Barrier (4 em x 0.5 cm), 0.7 ecm from negative electrode. Circuit spark 


gap: 1.4cm 


though appearing on both sides of the barrier, are 
formed independently but by the same process, namely: 
‘ionization and projection of electrons radially away 
from the negative electrode. 

Second. If the barrier is near the positive electrode, 
as in Figs. 6 and 9, the effects are strikingly different. 
It is evident that the streamers passing around the cor- 
ners of the barrier can not be formed by ions pro- 
jected from the positive electrode. On the assumption 
that the positive streamers are formed by electrons 
moving towards, or falling into, the positive electrode it 
becomes clear why the streamers pass around the ends 
of the barrier. Only at the tips of the positive streamers 
(paths or channels of low resistance), would the poten- 
tial gradient be of sufficient intensity to produce ioniza- 
tion and thereby cause extension of the positive streamer 
channels towards the negative electrode. 

The initial formation of the electric figures may be 
considered as the first step or stage in the impulse-spark- 
over kindling process. Under critical potential gradient 
conditions, an increase in the energy content of the 
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impressed impulse, or a slight increase in the impressed 
impulse peak-potential, or a decrease in the air pres- 
sure, produces marked extension of the positive 
streamers towards the negative electrode, with com- 
paratively little increase in the size of the negative 
figure, as illustrated by Figs. 7, 8 and 9. That the ex- 
tension of the positive streamers or channels comes after 


Fig. 9—Arr Pressure: 17.1 Cm He, ELectropes Spacep 10.5 Cm 


Barrier (4 cm x 0.5 cm), 0.6 cm from posifive electrode. 
gap:2.4cm 


Circuit spark 


the formation of the negative figure is evident from the 
photographs, as in Figs. 4 and 9 which indicate that the 
filaments or terminals of the positive streamers were 
superimposed on the negative figure. The presence of 
the barrier in Figs. 8 and 9, produces distortions in the 
figures but it still appears that, whether the barrier is 
near the positive or the negative electrode, the spanning 
of the intervening gap is accomplished largely by the 
extension of the positive-figure channels with litle, of any, 
increase in length of the negative streamers. 

It should be noted also, that in arrested sparkover, 
as in Figs. 4 and 9, the positive streamers do not reach 
the negative electrode but end or spread, as more or less 


Fic. 10—Porntep EtectropE NEeGcative. ELECTRODE 
Spacine: 8.2 Cm 


Air pressure: 50cm Hg. Spark gap: 1.6 em 


distinct branches or filaments, in the outer radial half 
of the negative Lichtenberg figure. The spreading of 
the filaments is due probably to a negative space charge 
at the periphery of the negative figure in combination 
with a positive space charge surrounding the negative 
electrode. If the peak potential of the impulse is suffi- 
cient in magnitude and duration to overcome the posi- 
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tive space charge near the negative electrode, the posi- 
tive streamers extend to the negative electrode and form 
a continuous conducting path of comparatively low 
resistance, which may develop into complete breakdown. 


ELECTRODES DIFFERING IN SIZE AND SHAPE 


A large number of discharge photographs were taken, 
with impulse potential, energy content and air pressure, 
as variables, for several sets of electrodes differing in 
size and shape. Under the conditions required for pro- 
ducing a photographic record the electrode forms that 
can be used are limited by the presence of the glass 
plate or film to point-point, point-line (straight or 
curved) and modified point-plane forms. 

In Figs. 10 and 11, the spark-gap consisting of a small 
pointed electrode and a straight edge with rounded 
corners determines the flux distribution of the unsym- 
metrical dielectric field. These figures were selected as 
typical from a series taken at constant air pressure (50 
em Hg) and spacing (8.2 em) with impulse potential 
variable. 


ELECTRODE 


Fig. 11—Pointep ELECTRODE POSITIVE. 
Spacine: 8.2 Cm 


Air pressure: 50 cm Hg. Spark gap: 1.4 cm 

The assumptions made for the preceding barrier 
experiments likewise apply to Figs. 10 to 14. The first 
step in impulse sparkover is the formation of Lichtenberg 
figures, the shapes of the electrodes greatly affecting 
the respective sizes of the positive and negative figure. 
In the second step, as shown in Figs. 10 and 12, the 
positive streamers increase in length and bridge the 
space between the initial electric figures formed around 
the two electrodes. It should be noted (Fig. 10) that 
the positive streamer, on reaching the space covered by 
the previously formed negative figure, divides into 
several filaments spreading the outer radial half of the 
negative figure, but not extending directly to the nega- 
tive electrode. 

With the pointed electrode positive, as in Fig. 11, 
the positive streamers extend over a much larger part 
of the electrode spacing than with the pointed electrode 
negative, as in Fig. 10. As noted under the barrier 
experiments the negative figure streamers are formed 
mainly during the initial stage or step in the process; the 
part of the sparkover gap being bridged by extension 
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of the positive streamers. A point-plane spark gap in 
contact with a photographic plate is shown in Figs. 12 
and 13. One electrode consisted of a brass plate or bar 
having slightly rounded edges, placed on top of the 
photographic plate with the plane surface at right angles 
to the emulsion film. The other electrode was a cylin- 
der of 1 mm diam having one end in contact with the 


ELECTRODE 


Fig. 12—Point ELecrropEe NEGATIVE. 
Spacina: 9.5 Cm 


Air pressure: 40 cm Hg. Spark gap: 3.95 cm 


emulsion surface. The combination may be considered 
as equivalent to a gap of physical form in between that 
of point plane and point line. The presence of the 
photographic plate also modifies the distribution of the 
dielectric flux in the intervening space, as compared to 
an ordinary air-filled, point-plane spark gap. 

In Fig. 12, with the plane surface positive, a number 
of streamers are formed and a single positive streamer 
extends to the negative figure but does not reach the 
negative electrode. With the point positive, as in Fig. 
13, three positive streamers completely span the gap, 
although the impressed impulse potential was slightly 
lower than in Fig. 12. In Fig. 13, with the plane surface 


Fig. 13—Porint Execrropr Postrive. ELEctRODE 
Spacine: 9.5 Cm 


Air pressure: 40cm Hg. Spark gap: 3.90 cm 

the negative electrode, the negative figures are very 
small—hbarely visible, while with reversed polarity as 
in Fig. 12 the positive Lichtenberg figures are large and 
sharply defined. 

This markedly different extension characteristic of 
the positive, as compared to the negative streamers, 
may be, and probably is, the basic cause for the wide 
difference in sparkover potentials, for point-plane?* 
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spark gaps, under reversed polarity conditions. It is 
evident that complete sparkover would occur at lower 
sustained peak potentials for point positive and plane 
negative, as illustrated by Fig. 18 than for the point 
negative and plane positive combination, as in Fig. 12. 


SPACE CHARGES 


In a notable investigation® (Kerr cell electro-optical 
shutter) on static breakdown of short spark gaps (1.25 
to 10 mm) Dunnington finds that space-charges in the 
gap are important factors in the sparkover process. 
Space-charge distribution is shown for two types of 
breakdown under specified conditions. He also notes 
l.c., p. 1545) that the multiplicity of filament fre- 
quently observed in the later stages of the breakdown 
occurs in the spaces occupied by the negative charges. 

It appears probable that similar space charges will 
be formed under impulse sparkover conditions; that 
immediately after the impulse discharge producing 
Lichtenberg figures, as in Fig. 4, a positive charge sur- 
rounds the negative electrode, a negative charge covers 
the outer radial part of the negative figure with a posi- 
tive charge in the region of the positive streamers. 
Several observed effects, as the positive figure streamers 
of electric figures formed by two successive impulses do 
not overlap; or the extension of the positive streamers 
with the spreading of the streamer tips over the outer 
radial section of the negative figures, as illustrated in 
Figs. 4, 9, 10 and 12, may be explained on the above 
assumptions. 
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Discussion 


F. O. McMillan: Doctor Magnusson’s contention that the 
effects due to polarity in high-voltage phenomena have not 
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received the attention commensurate with their importance cer- 
tainly is well taken. He calls attention to some of the electrodes 
that produce symmetrical dielectric fields and have been ex- 
tensively studied by engineers, and further enumerates some of 
the electrodes that produce unsymmetrical fields and need to be 
investigated in much more detail. The electrodes named in the 
list of those producing unsymmetrical dielectric fields are all 
very important, but one that produces a distorted field and which 
is very important, because it is so generally used for high-voltage 
measurements, has not been specifically mentioned. Attention 
should be directed to the use of 2 spheres of the same size with 1 
sphere grounded for measuring alternating and impulse voltages, 
The importance of considering this electrode combination is 
shown by the fact that practically all high-voltage laboratories 
employ grounded circuits for both alternating and impulse voltage 
tests, and use grounded sphere-gaps extensively for making high- 
voltage measurements. 

It is recognized generally that a grounded sphere gap does not 
have a symmetrical dielectric field even when used in accordance 
with the Standards of the A.I.E.E. for the measurement of test 
voltages in dielectric tests. The distortion of the field is shown 
clearly by the experimental fact that the sparkover voltages for 
all but the relatively close sparking distances are lower with 1 
sphere grounded than with both spheres insulated, and the further 
fact that this difference between the grounded and ungrounded 
sparkover voltages becomes greater as the ground plane is brought 
nearer to the spark-point of the grounded sphere. Notwithstand- 
ing these well known data showing the grounded sphere gap 
dielectric field to be seriously distorted, unidirectional impulse 
voltage measurements, made with grounded sphere gaps and 
evaluated by the use of the low frequency alternating voltage 
calibration curves for such gaps, have been almost universally 
used and accepted. 

In September 1930 a paper! was presented before the Pacific 
Coast Convention of the A.I.E.E. in which data were given 
showing the polarity characteristics of grounded sphere gaps for 
both 60 eycle and impulse voltages. See Tables IV to VIII and 
Figs. 9 to 14 in the above paper. These data show that 60-cycle 
symmetrical voltages spark over grounded sphere gaps on both 
polarities only at relatively very close sparking distances, at 
intermediate spacings sparkover always occurs when the un- 
grounded sphere is negative and at wide separation, beyond the 
sparking distances recommended by the Standards of the 
A.1.E.E., there is a rather abrupt transition where the negative 
sparkover voltage becomes greater than the positive and for 
sparking distances greater than this critical spacing grounded 
sphere gaps always spark over when the ungrounded sphere is 
positive. This phenomenon, sparking over on 60-cycle sym- 
metrical voltage only when the spheres have definite polarity 
relationships, shows conclusively that the positive and negative 
sparkover voltages must be quite different for the sphere separa- 
tions that select one sparkover polarity continuously, otherwise 
grounded sphere gaps would spark over on either polarity in- 
discriminately at all sparking distances. The grounded sphere 
gap sparkover data obtained with unidirectional impulse voltages 
of both polarities show excellent correlation with the 60-cycle 
data. At relatively short sparking distances no appreciable 
difference was found in the positive and negative impulse spark- 
over, at intermediate spacings the sparkover voltage was lower 
when the ungrounded sphere was negative than when it was 
positive and at long sparking distances (considerably longer than 
one sphere diameter) the negative sparkover rapidly approached 
the positive value, became equal to it, and then increased to a 
value considerably larger. The maximum differences observed 
between the positive and negative sparkover voltages are very 
much larger than the permissible errors of measurement in high 
voltage testing. The error is especially large near the upper limit 


41. The Influence of Polarity on High-Voltage Discharges, by F. O. 
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of the range of sparking distances recommended by the Standards 
of the A.I.E.E. Therefore, calibration curves for each polarity 
are necessary when grounded sphere gaps are used to measure 
both positive and negative unidirectional impulse voltages. The 
work that has been done indicates that the present standard 
alternating voltage calibration curves are quite accurate for 
impulse voltages when the ungrounded sphere is negative, but 
the positive values of voltage indicated by the use of these curves 
are much too low. The latter is especially true when voltages are 
measured near the maximum recommended sparking distance for 
a particular size of spheres. 


The polarity phenomenon exhibited in the sparkover character- 
istics of grounded sphere gaps, when used to measure 60-cycle 
symmetrical alternating voltages, apparently is limited to scien- 
tific interest only at the present time. A low frequency alter- 
nating voltage will only very rarely, if ever, be increased at a 
sufficiently rapid rate to obtain a very large difference in crest- 
voltage between successive waves of opposite polarity; therefore, 
a grounded sphere gap measures such voltages satisfactorily even 
though there is a marked difference in the positive and negative 
sparkover voltage. 

In the discussion of the difficulty of obtaining non-oscillatory 
impulses of steep wave front, Doctor Magnusson refers to a 
theory of the formation of Lichtenberg figures given in the paper 
previously discussed. The part of this theory explaining the 
formation of the small superimposed figures of reversed polarity, 
by the action of the voltage gradient produced by the residual ion. 
space charge that remains when the electrode potential is re- 
moved quickly, after an unidirectional impulse figure is formed, 
is not well founded. This opinion is reached because it is con- 
eluded that Figs. 5, 6, 7, 8, and 9, formed by point electrodes with 
barriers in various positions, do not show any reversed figures 
superimposed on the original figures at either electrode. It 
should be pointed out that the theory was developed to explain 
the behavior with the usual electrode arrangement used in 
klydonographs and surge-voltage recorders, that is, a point to a 
relatively large insulated plane or cylinder with the point resting 
on the photographic emulsion and the plane directly back of it 
on the opposite side of the film or plate. The Lichtenberg figures 
cited were formed between two point electrodes with relatively 
wide separation and both located on the emulsion side of the 
photographic plate. This arrangement will alter greatly the flux 
distribution and electrode gradient, and make it necessary to 
apply a higher voltage to produce a given figure size. This in 
turn probably materially reduces the size of the superimposed 
figure, of reversed polarity, that can be formed by the residual 
space charge. Notwithstanding this fact, it is difficult to con- 
cede that these Lichtenberg figures do not have small reversed 
figures especially at the positive electrode. The half-tone repro- 
ductions, no doubt, have lost much of the detail shown in the 
original photographic negatives; however, around the point of 
contact of the positive electrode, shown by a black spot in the 


half-tone reproduction, it will be observed that there is a small ° 


bright white ring that shows much greater photographic exposure 
than any other portion of the positive figure. Investigations 
carried on in 1930 led to the conclusion that this intense exposure 
area on the positive figure is actually a small superimposed nega- 
tive figure. It is difficult to account for this area in any other 
way, because it can be increased in size without discontinuity by 
increasing the rate at which the potential is reduced on the elec- 
trode after the initial figure is fully formed, and it can still fur- 
ther be mvreased in size by actually reversing the electrode po- 
tential. As the latter is done the superimposed negative figure is 
much larger than the applied reversed negative voltage could 
possibly form, as determined by the negative calibration curve 
for the klydonograph. Furthermore, the negative figure definitely 
follows the previously formed positive striations showing that the 
residual positive space charge actually assists in the formation of 
the superimposed negative figure if the reversal occurs before the 
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positive space charge ions have been dissipated by recombina- 
tion. This phenomenon is shown by the Lichtenberg figures in 
Fig. 1 of the 1930 paper. Unfortunately this figure has lost much 
of the detail contained in the original films because of reproduc- 
tion; however, this action can be seen even in the half-tone figure 
by careful observation. 

The absence of small superimposed positive figures on the nega- 
tive figures in Doctor Magnusson’s paper is not surprising, be- 
cause they frequently fail to develop and only appear under the 
most favorable conditions. This difference in the superimposed 
figures may be accounted for by the following theoretical con- 
siderations which appear to explain what happens fairly well. 
During the formation of the original positive figure the electrons 
and negative ions, which in general have small mass and high 
mobility, are swept by attraction toward the positive electrode 
and those reaching it are absorbed or neutralized by conduction. 
The positive ions resulting from ionization by collision in the 
striations around the electrode are massive and immobile and 
are repelled relatively very slowly by the electrode potential. 
When the electrode potential is quickly removed this positive 
ion space charge predominates, and the electrode becomes nega-~ 
tive with respect to it, forming a small negative figure on the 
original positive when the applied voltage exceeds approximately 
twice the minimum figure forming voltage for the klydonograph. 
When the initial figure formed is negative instead of positive, the 
fast electrons and negative ions are swept outward away from 
the negative electrode leaving the relatively immobile positive 
ions, produced by ionization by collision in their wake, to be 
attracted toward the electrode. When the negative electrode 
potential is quickly removed, the residual space charges are very 
much nearer the same value than they were when the electrode 
was positive because of the low mobility of the attracted positive 
ions. Therefore, the mobile outer negative space charge is at- 
tracted into the immobile positive space charge surrounding the 
electrode when the repulsion of the electrode is decreased, and a 
large part of the ions constituting the two space charges are 
neutralized by recombination leaving only a very small residual 
negative space charge to reverse the gradient around the elec- 
trode. Therefore, the reversed Lichtenberg figure only forms 
over a negative figure under the most favorable conditions. 

It has been shown conclusively by means of the cathode ray 
oscillograph that a conductor in corona at 60 cycles has around 
it a residual ion space charge large enough to initiate corona at 
zero conductor voltage when the applied voltage is slightly 
more than twice the visual critical corona voltage: If the applied 
voltage is increased to a value higher than this, corona is initiated 
by the residual ion space charge before the conductor potential 
reaches zero and, therefore, at a time when the conductor poten- 
tial is in actual opposition to the corona formation. That is, 
during the normal rise and fall of potential in one-half cycle, 
both positive and negative corona are produced around the con- 
ductor in succession. (F. W. Peek, Jr., Law of Corona and Di- 
electric Strength of Air IV, TRANSACTIONS A.I.E.E., p. 1007, 1927. 
Lloyd and Starr Corona Loss Measurements by Means of the 
Cathode Ray Oscillograph, Transactions A.I.E.E., 1927, 
p. 997.) ; 

The formation of Lichtenberg figures is largely an ionization 
by collision or corona phenomena. The usual klydonograph or 
surge-voltage recorder for measuring voltage by the formation 
of Lichtenberg figures, is so constructed that from 3 to 5 kv will 
produce sufficient ionization to form figures. In the light of these 
known corona space charge phenomena, superimposed Lichten- 
berg figures would be expected to form at voltages slightly in 
excess of twice the minimum values required to record, and near 
the maximum rating or 30 kv the phenomenon should be quite 
pronounced. 

C. E. Magnusson: Professor MeMillan’s discussion is greatly 
appreciated, particularly the part relating to the suggestion that 
polarity reversals'in the electric figures may be caused by the 
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space charges formed adjacent to the electrodes by the impulse 
discharge. The point raised by Professor McMillan can not be 
determined from the half-tone figures in the paper as the sharp- 
ness of definition and some of the details have been lost in the 
reproduction process, but on the original negative, Figs. 5 and 8, 
there are no indications of polarity reversal at either the positive 
or negative electrodes. On the negatives for Figs. 5 and 7 there 
may be very slight indications of reversal at the positive elec- 
trode with none at all at the negative electrode. 

The author has examined a large number of the electric figure 
negatives and finds that in most cases polarity reversals are evi- 
dent at both electrodes. In a number of eases polarity reversals 
are shown at only one electrode, either positive or negative, with 
no indication of reversal at the other electrode. However, in 
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several negatives, including those for Figs. 5 and 8 in the paper, 
there are no indications of polarity reversal at either pole. 

The cause of polarity reversals in the electric figures is very 
likely found in the oscillatory nature of most impulse discharges, 
either in a part-reversal of the main impulse, or possibly in 
superimposed high frequency oscillations. Recently my col- 
league, Professor G. S. Smith, had considerable difficulty in 
locating the source of high frequency oscillations (65 million 
cycles) that appeared on a 1.5 microsecond impulse wave front. 
The oscillations were eliminated by properly shielding the lead-in 
wires, about 3 feet in length. Until recently very little attention 
has been given to the nature of the electric impulses used, whether 
oscillatory or unidirectional, in taking the electric or Lichtenberg 
figures. 
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Synopsis.—A previous paper on a-c arcs in air between copper 
electrodes showed the influence of circuit constants in determining 
the rise of voltage across the electrodes during the reignition period 
of cyclic current zero. This paper gives the distribution of potentiat 
throughout the arc space between the electrodes during the reignition 
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period, and shows that during that time the potential drop is con- 
centrated largely in the space adjacent to the cathode, the major por- 
tion of the arc space is free from potential gradient, and the potential 
distribution is measurable with fidelity by means of inserted 
probes. 


INTRODUCTION 


EVERAL articles of recent years have shown the 

importance of the problem of reignition of a-c arcs 

in air between copper electrodes.' Recently, two of 
the present authors described the conditions controlling 
the rate of voltage rise across the arc electrodes during 
the interval of cyclic current zero and its relation to the 
rate of deionization of the gap.2. The arc reignites if 
the circuit constants permit the are electrodes to ex- 
perience a voltage rise of rapidity sufficient to overcome 
the growing dielectric strength of the are space. 

The present article shows the distribution of potential 
between the electrodes during the reignition period when 
the current is zero and emphasizes the possibilities and 
limitations of probe methods of measurement of this 
potential distribution. © 

One or more probes is introduced into the arc space, 
and by connecting one or another of the probes or the 
electrodes to a cathode ray oscillograph the changes in 
potential that take place in the are space and near both 
electrodes during the reignition period are recorded. 

The first outstanding result of the investigation is 
that, during the period when the are current is passing 
through its cyclic zero and the electrode voltage is 
changing rapidly and reversing its polarity, the great 
percentage of the electrode voltage is to be found in a 
drop in potential at that electrode which is, for the time 
being, the cathode. 

Furthermore, it appears that under appropriate con- 
ditions probe methods of measuring the rapidly chang- 
ing potentia! distribution are justifiable. 


THE CIRCUIT AND THE ELECTRODE POTENTIAL 


The circuit shown in Fig. 1, like that used in the 
earlier investigation,? comprises a 702-volt 60-cycle 
transformer connected to the are electrodes through a 
contactor and an air core inductance of L = 0.068 
henry whose distributed capacity is 610 uuf; R = 1,000 
ohms is shunted across the arc electrodes to delay 
voltage recovery. The arc current of approximately 
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27 amps rms lags very nearly 90 degrees behind the 
transformer voltage. The electrodes are flat parallel- 
faced copper plates placed 34 inch apart. 

The arc is started by the burning of a No. 40 copper- 
wire fuse. The contactor is closed at the instant 
corresponding to zero steady-state current, thus avoid- 
ing a transient, and the arc is initiated when the fuse 
burns, about one-quarter cycle later. The cathode ray 
oscillograph records the electrode or probe-to-electrode 
voltage at the end of the second half-cycle of current. 


Deflecting 
Plates Of The 
Oscillograph. 


Probes 


Arc 
Electrode 


Fuse 
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E =992 volts = peak of 702-volt 60-cycle circuit voltage 

ZL = 0.068 henry 

Cu = 610 wut 

R = 1,000 ohms ‘ 

i = 27 amprms approximately 

€éa = 992 — 1,131 e —0.0147# + 64 e —1.64t volts. 
reignition period only) 

¢# = microseconds after current zero 


(Applicable during the 


Except for the first few microseconds after current 
zero, the voltage across the electrodes rises according 
to the equation? 

G2 = 992 — 1131.¢ 8o"" = Gf ese (1) 


This is shown in Fig. 2 as a broken line; the heavy line 
is a replot of values taken from the oscillogram of Fig. 
7A. A composite picture made from many oscillograms 
will check the broken line much more closely than the 
particular oscillogram shown in Fig. 2. 

In the previous paper? it has been shown that for low 
values of resistance shunting the arc, the negative 
voltage dip does not follow the circuit equation, but 
that after a brief interval (in this case about 5 micro- 
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seconds) the electrode voltage does follow the circuit 
equation developed from the circuit constants. At ap- 
proximately 415 volts and 42 microseconds after “are- 
failure” the arc space develops a glow discharge that 
lasts for 24 microseconds before the arc in the new 
direction begins. These values are typical, but of 
course there are variations from arc to arc in the magni- 
tudes of the negative voltage dip, the reignition voltage, 
and the duration of the glow. 


PROBE MEASUREMENTS 


The aims of these experiments have been to measure 
the distribution of the potential throughout the arc 
space during the period of current zero, and to show that 
this potential may be measured by the introduction of 
suitably shaped copper proves. The probes were thin 
copper plates placed between the electrodes, and had 
circular holes through which the are might play. The 
probe finally adopted (Fig. 3) was made of sheet copper 
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. -1/64 inch thick, 1 inch square, with a hole 1/6 inch in 
diameter. The slot leading horizontally from the edge 
of the hole permitted insertion of the copper-wire fuse 
used to start the arc. 

Probes having hole diameters between 0.21 inch and 
0.12 inch gave satisfactory and practically identical 
results. The sum of cathode-to-probe and probe-to- 
anode voltages equalled the cathode-to-anode voltage. 
Furthermore, the cathode-to-anode voltage gave the 
same record whether the probes were present or not. 
Probes with larger holes failed to measure the voltage, 
while with smaller holes the are failed to restrike. 
Changes in overall dimensions of the probes had no 
effect upon the oscillographic records. 

The simplest procedure in using a probe to measure a 
potential difference between an electrode and a point 
in an ionized gas is to connect the electrode and the 
probe to the two plates of a cathode ray oscillograph. 
As a first approximation it may be assumed that the 
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oscillograph will respond faithfully to very rapid 
changes in potential without requiring the probe to 
draw any appreciable current from the ionized region 
in which it is placed. 

A probe that does not carry current acquires a po- 
tential only approximately the same as that of the adja- 
cent ionized gas. By measuring the small amounts of 
current drawn by probes at controlled potentials Lang- 


Fic. 3—PHOTOGRAPH OF 
PROBE AND ELECTRODE 


Distance 


An Arc Forms. 
Probe Becomes 
An Anode 


Plasma Potential 


; mY Electron Current 
; : To The Probe 
rg 


= Overa/!l Electrode 
\. Pofentral 
iS 


Probe Potential 


po Positive-Ion 


Current To Probe 6—= 


Ficg.4—-V oLtT- 
AMPERE CHARAC- 
TERISTIC OF A 


| Current To 
| The Probe, 


PROBE PLACED IN ‘Origin ——o—- _—Ss—s With Respect Te 
ST D D seek gigs Se Cathode e — 
a es oe Probe With Respect 
CHARGE To The Plasma 


muir determined the difference between a non-current- 
carrying probe’s potential and that of the adjacent 
ionized gas in discharges at low pressures, and his 
method has been used by other experimenters*”* with 
ares at atmospheric pressure. 

The lower curve of Fig. 4 is typical of the volt-ampere 
characteristics of controlled-potential probes placed in 
what Langmuir terms “plasma” regions, which in 
general include all except the boundary regions of a 
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great many are and glow discharges. The cathode 
potential is considered zero, and e, is the potential in the 
gas of the discharge at the point where the probe is 
located; eo, the potential of the probe when it is carrying 
no current, is measured by the cathode ray oscillograph. 
According to experiments by Nottingham,’ Bramhall,° 
and Forbes’ the difference of potential e, — é is of the 
order of 10 to 15 volts in a copper are at atmospheric 
pressure. This is the error in measurement to be ex- 
pected when using a probe which draws no current. 
When measuring potentials which run up into several 
hundred volts this error is negligible. 

With a very low probe potential (e < eo), the current 
is exceedingly small and consists entirely of a flow of 
positive ions from the ionized gas to the probe. Except 
at very low negative probe potentials, there is, besides 
the positive-ion current, an electron current flow to the 
probe in spite of its negative potential, because some of 
the electrons possessing higher energies overcome the 
potential difference between the plasma and the probe 
by virtue of the random motions of their thermal 
agitation. At e = e this electron current is equal 
exactly to the positive-ion current, so that the net 
current to the probe is zero; if the probe potential 
is made higher the electron current rises rapidly. At 
e = e, the plasma and the probe have the same poten- 
tial and there no longer is any hindrance to electron 
movement toward the probe. 

A moderate rise in potential of the probe above that 
of the plasma (e > e,) does not materially increase the 
number of electrons reaching it over the number that 
arrives due to random movement only, because of the 
appearance of a negative space-charge near the probe 
surface; hence the characteristic just to the right of e, 
is horizontal. When the probe potential becomes 
markedly higher (5 to 25 volts) than that of the plasma, 
the current rises sharply to a. value determined by 
external circuit conditions. Beyond this point the are 
strikes to the probe if circuit conditions permit. 

Experimental investigations®”® of the copper d-c 
arc in air have shown that the essential theoretical con- 
ditions’ for the existence of a plasma are fulfilled—e.g., a 
relatively small electric field and equal concentrations 
of positive and negative charges. There is no reason 
for assuming that these conditions do not apply to the 
a-c arc. When the a-c arc current fails and the reigni- 
tion period is reached the simplest assumption is that 
the are space still contains a plasma but without any 
current flow. This assumption is borne out by overall 
voltage oscillograms of long arcs, 10 to 15 inch, taken 
during the reignition period, which show that during 
this time the overall voltage of a long ionized space 
substantially is that of a short space, indicating that the 
major portion of the ionized space is free from potential 
gradient—a condition that can prevail only if a plasma 
exists during the reignition period. 

The probes used by the authors measure the poten- 
tial at points outside the furthest radius of the are-core 


DOW, ATTWOOD AND TIMOSHENKO 


Transactions A.I.E.E. 


proper and make them after current flow has ceased 
entirely. But studies’ on dynamic a-c are character- 
istics have shown that the establishment and decay of 
the arc-stream require considerable time, so that as 
the a-c current decreases from its maximum to zero the 
degree and extent of ionization persists over a much 
larger volume than that needed for the decreasing cur- 
rent flow. Further, unpublished work done by A. D. 
Forbes’ under the direction of two of the authors indi- 
cates that the hot gases surrounding the arc-core fulfill 
the plasma conditions for a radial distance of several 
millimeters beyond the optically well-defined arc-core 
boundary, and that the potential of this surrounding 
plasma is lower than that of the arc-core itself only by 
a very few volts. The only reasonable conclusion is that 
the entire gaseous envelope is a persistent plasma 
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region, hence probe measurements are valid during the 
reignition period. 


DISTRIBUTION OF POTENTIAL THROUGH ARC SPACE 


In the experiments first undertaken two probes were 
used, one placed near each electrode, as illustrated in 
Fig. 5a. Electrode A served always as the “old 
cathode,” hence also as the “new anode,” the polarity 
change occurring at time ¢ = ¢) of Fig. 5. The probe 
placed near the A electrode was called No. 1, that near 
the B electrode No. 2; and the measured voltages then 
identified as (A — B), (A — 1), (A — 2) and (2— B). It 
was soon discovered that the probe-to-probe potential 
during the reignition period was very small, even with 
ares of 10 inch and 15 inch length. With only very 
slight exceptions, the difference of potential between 
the electrodes is confined, during the reignition peioa 
to thin regions adjacent to each electrode. 
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Therefore, in later experiments only one probe was 
used, placed half-way between the electrodes. With 
this arrangement the voltage oscillogram (A — 1) re- 
veals the potential changes adjacent to the surface of 
the A electrode, and (1 — B) that adjacent to the B 
electrode. Figs. 5b and 5c illustrate the polarity re- 
lationships between the electrodes before and after 
time ta tos 
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Fig. 6—PoTEN- 
TIAL DISTRIBU- 
TION THROUGH 
THE ARC SPACE 


Fig. 6, drawn to scale, shows the potential drops 
(A — 1) from electrode A to probe, (1 — B) from probe 
to electrode B, and the sum of these two voltages, 
(A —1) + (1—B). This sum should equal the actual 
(A — B) voltage, measured from electrode A to elec- 
trode B, at every instant, and to illustrate the nature of 
this check, a typical (A — B) oscillograph record is 
drawn on the same graph as the (A — 1) + (1— B) 
sum. It should be understood that the reignition 
voltage and the length of the glow period vary from are 
to are. The (A—1), (1— B) values and their sum 
(A — 1) + (1— B) are typical values taken from the 
study of many oscillograms, while the (A — B) oscillo- 
graph record is the record of only one are. 

Prior tot = 0, (see Fig. 6) the are current being nega- 
tive, the (A—1) and (1— B) voltages are approxi- 
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mately 37 volts each, giving a 75-volt electrode drop 
(A — B). Att = 0, the are current drops from about 
0.3 ampere to zero with extreme rapidity. From t = 0 
to t = 5 microseconds the electrode voltage passes 
through a negative dip; most of this voltage is located 
in a thin layer adjacent to electrode A which is, for the 
time being, the cathode. The probe-to-anode voltage 
(1 — B) during this period may show a slight dip and 
then approach zero or may approach zero without any 
dip. At t =5 the electrode voltage changes slope 
abruptly and thereafter follows closely the equation of 
circuit voltage rise (equation 1). From t =5 to 
t = t) = 11 microseconds, the electrode voltage is 
found almost entirely at the cathode A, the probe-to- 
anode potential (1 — B) remaining nearly zero. 

At t = t) = 11 the electrode voltage passes through 
its zero value. Thereafter A is the anode and B the 
cathode, and most of the voltage again is found at the 
cathode, though the anode drop appears to be of the 
order of 15 to 20 volts. Att = 32 the reignition period 
ends with the formation of a self-sustaining glow dis- 
charge during which the current increases slowly from 
zero in the positive direction. At ¢ = 40 an are is 
formed. The electrode and cathode voltages, (A — B) 
and (1 — B), drop rapidly while the current grows in a 
sinusoidal manner. In the change from glow to are the 
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anode voltage (A — 1) may increase suddenly from 20 
to about 50 volts. 

Figs. 7A, B and C are cathode ray oscillograms of the 
voltages (A — B), (A — 1) and (1 — B).. The two pairs 
of (A — 1) voltages have been reversed with respect to 
each other in order to establish the position of the zero 
voltage line. 

Fig. 8, derived from Fig. 6, represents the potential 
distribution in the are region at various moments of 
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time. It illustrates the absence during the reignition 
period of appreciable potential gradient except adjacent 
to the electrodes. A number of oscillograms under a 
variety of conditions were taken with two probes, one 
close to each electrode, in an attempt to discover a 
substantial potential gradient in the middle region 
when the voltage approaches reignition values, but so 
far the results have been entirely negative, even in 
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the case of very long arcs failing to reignite. The oscil- 
lograms of Fig. 9 are selected to illustrate this fact. 
Fig. 9B is a cyclogram; horizontally it measures the 
voltage (A — B) between the main electrodes, and 
vertically the voltage (1 — 2) between the two probes. 
At no time except prior to current zero and after 
reignition does the voltage (1 — 2) have any appreciable 
value. 

Fig. 9c measures horizontally the voltage (A — B) 
and vertically the voltage (2— B). Following the 
negative voltage dip the trace is a 45-degree line, indi- 
cating that nearly all of the voltage drop in the are 
region up to the moment of reignition occurs at the 
surface of the cathode. Figs. 9A and 9B both show 
that while the (1 — 2) voltage is very small during the 
reignition period it grows to a considerable magnitude 
after the arc strikes. 

These oscillograms show definitely that in the arcs 
used in these experiments the reignition process is one 
that is initiated in a thin layer of gas adjacent to the 
cathode surface. The variations in reignition voltage 
that have been observed in the authors’ previous ex- 
periments therefore are a result of variation in the con- 
dition of a thin insulating layer of gas adjacent to the 
cathode. 
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PROBE CURRENT REQUIREMENTS 


It has been shown that the difference (e, — @) be- 
tween the voltage acquired by the probe and that of the 
plasma is so small as to be of no consequence for the 
immediate purpose. To justify probe measurements it 
also is necessary to show that the current to the probe 
is sufficient to make the potential of the capacity repre- 
sented by the leads and deflecting plates of the cathode 
ray oscillograph follow accurately the variations in 
plasma potential, and to supply any ionization or leak- 
age current that may flow between the deflecting plates 
of the oscillograph. The equation representing the 
charging current that must flow to the cathode ray 
oscillograph plates is 


de 
dt 


where C, is the capacity of the measuring circuit con- 
sisting of probes, leads, and oscillograph deflecting 
plates, de/dt is the rate of change of voltage between the 
plates, and 2, is the charging current to the capacity C;. 

The maximum rate of change of voltage to be meas- 
ured occurs at the beginning of the negative dip of the 
(A — 1) pictures. Here the plasma is becoming very 
rapidly positive with respect to the A electrode, hence 


AB 
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Fie. 9—PotentiaL Drop Across Arc 36-3 _ 
A 
SPACE 2-8 

A. Across central arc space only. (See flat 
portion of curve near zero line) 

B. Cyclogram of voltage of central arc space 
vs electrode voltage 

C. OCyclogram of voltage of central are 
space plus B electrode drop vs electrode voltage 
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to follow the change the probe must acquire a positive 
charge. This it can do only by means of the very small 
positive-ion current from the plasma; if the positive-ion 
current is too small relative to C, the oscillograph will 
not give an accurate record. 

If it is assumed that during the negative dip the 
entire voltage appears between cathode and probe (this 
is the severest possible assumption) the rate of change 
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of potential to which the probe must respond can be 
calculated as follows: 


de % ty _ 0.3 (approximately) 
= 610 x 10-2 


dt Cy 


= 0.5 X 10° volts per second (2) 
The capacity C,, used was not over 5 micromicrofarads. 
The 0.3-ampere figure used for J, is selected as the largest 
value of arc-failure current observed by the authors 
under similar conditions.2 Using these figures the re- 
required charging current to the plates is 
tp = 0.5 X 10° X 5 X 10-” = 2.5 x 10 amperes. (3) 
Since the ionization current and the leakage current 
between the oscillograph plates of the high-vacuum 
oscillograph used probably are very much smaller than 
this, the capacity current is the controlling requirement. 
The results of experiments by Nottingham’ and by 
Bramhall’ permit a rough estimate of positive-ion cur- 
rent density; values range from around 0.005 amp per 
sq cm at a distance of two millimeters from the center 
of an 8-ampere are about one-half centimeter long to 
from 10 to 30 times that nearer the center of the core. 


h—Are Plasma 
HH (Zero Average Space Charge) 


Fig. 1O—PoTEnN- 
TIAL DISTRIBU- 
TION THROUGH 
A PosiTIvE-ION 
SHEATH 


Distance —~— 


Probe Surface Negatively Charged 


The arc used in the authors’ reignition tests was nearly 
2 centimeters long, and at its peak carried 38 amperes. 
It seems reasonable to expect that the positive-ion cur- 
- rent density in the plasma that persists through the 
reignition period is at least 0.005 amp per sq cm and may 
substantially be larger. The area of the probe that is 
blackened by the heat of the are indicates that the 
effective area of the probe in contact with the plasma 
may have been as large as 3 sq cm, whereas it need only 
be one-half sq cm to provide, at 0.005 amp per sq cm, 
the charging current required by the oscillograph under 
the most exacting conditions. Since these figures are 
very approximate, their chief value is to indicate that 
even at the beginning of the negative dip in the (A — 1) 
picture the equipment used was working within the 
limit of accurate response. 

The preceding discussion indicates only a reasonable 
probability that probe measurements should be suc- 
cessful. A necessary experimental check consists of 
tests to determine whether the voltage from cathode to 
probe plus that from probe to anode actually is equal to 
the voltage from cathode to anode. Tests of this kind 
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were made on a variety of shapes and sizes of probes, 
leading finally to the choice of the probe shown in Fig. 
3, which gave results that satisfied the experimental 
check required. 


ELECTRON MOVEMENT DURING REIGNITION PERIOD 


The explanation for the potential distributions that 
are revealed by experiment is apparent if the probe- 
like nature of the electrode surfaces during the reigni- 
tion period is recognized. After current zero and prior 
to reignition both electrodes are adjacent to a plasma - 
region, yet little or no current passes from either of them 
to or from the plasma; the same statement applies to a 
probe placed between the electrodes. There is no 
essential difference then between electronic behavior in 
the boundary region adjacent to the probe and that 
adjacent to the main electrode surfaces. The lower part 
of Fig. 4 applies to the electrodes as well as to the probes 
during the reignition period. The potential distribu- 
tion within the positive space-charge boundary region 
adjacent to either electrode or probe surface when 
negative with respect to the plasma has the general 
form represented by the curve of Fig. 10. The boundary 
region, which occupies a very thin layer of gas is called 
a positive-ion sheath because of the absence of electrons, 
which are kept out by the retarding field. The potential 
line is straight and horizontal in the probe and in the 
plasma, for in these regions there neither is potential 
gradient nor space-charge. The curvature of the po- 
tential line within the positive-ion-sheath indicates the 
presence of a positive space-charge density proportional 
to the rate of change of slope of the potential curve, the 
total positive space-charge being related closely to the 
overall sheath voltage. 

Immediately after the arc current fails circuit con- 
ditions require an increase of overall are voltage in the 
old direction; it reaches about 300 volts att = 1. From 
Fig. 4 it is seen that if the potential of a probe-like 
surface adjacent to a plasma is raised to more than per- 
haps 20 volts above the plasma potential the probe be- 
comes a new anode of the discharge, that is, it begins 
to draw electrons from the discharge at a substantial 
rate dependent upon circuit conditions. This circum- 
stance limits the potential difference between the arc 
region and whichever of the two electrodes is positive 
with respect to it to something in the neighborhood of 
20 volts. 

Therefore, the cathode-to-probe drop must be 20 
volts less than the overall potential (A — B). Since 
during most of the reignition period the (A — B) 
voltage is much greater than 20 volts, it follows that the 
great percentage of the (A — B) voltage is to be found 
at the cathode, as is shown to be the case in Fig. 6. 

During the period from t = 0 tot = lusec the overall 
voltage is rapidly increasing, hence the voltage drop 
(A — 1) and its associated positive space-charge near 
the more negative electrode must increase very rapidly. 
(See the t = % graph of Fig. 8.) With a sufficiently 
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rapid change in overall voltage the electron current flow 
taking place from the sheath at the cathode through the 
are space to the anode and out into the metallic circuit 
may be comparable with the normal are current in 
magnitude. During such a time the positive-ion sheath 
at the cathode may be thought of as a condenser that is 
being charged, except that the charge probably is not 
directly proportional to the difference of potential. 
There then is a slight potential gradient throughout the 
arc region, and a normal anode fall of potential at the 
‘ more positive electrode, just as is the case when arc 
current in the ordinary sense is flowing. 


By contrast the t = 5 graph of Fig. 8 illustrates the 
condition existing with a stationary or decreasing overall 
potential; this figure is strikingly similar to Fig. 3 of a 
recent article by Langmuir’ illustrating the “trapping” 
of electrons in a plasma region containing a potential 
maximum. 


CONCLUSION 


The authors feel that they have performed three 
tasks: first, to throw some light on the electronic ac- 
tivity that occurs during the reignition period of an a-c 
copper arc in air; second, to show that except adjacent 
to the electrodes the arc space possesses a negligible 
potential gradient during the reignition period; and 
third, to show that probe methods of measurement of 
the potential distribution are justified if the probes are 
used under conditions which do not violate the inherent 
limitations of the probe method. 
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Discussion 


J. Slepian: This new application of the cathode ray oscillo- 
graph to the study of the potentials of probes in an alternating 
current are, has led to interesting and valuable results. It shows 
quite definitely for short metallic ares the development of the 
voltage bearing larger next to the cathode during the transition 
period. While this had been surmised before, it is very gratifying 
to see here a direct experimental confirmation of this important 
phenomenon. 

The sudden change from an are cathode to a glow type cathode 
prior to the current zero which the senior authors had discovered 
in their previous paper under the name “‘are failure” is here again 
clearly revealed. It is an example of the development of insulat- 
ing quality in the are space before current zero is reached. 
Although at atmospheric pressure the voltage of the glow cathode 
is limited to a few hundred volts, at very low pressures this 
voltage may get very high. It is thought that this is the cause of 
high voltage that may appear in the high vacuum breaker when 
operated at a few amperes, and the writer also has observed high 
voltage surges in low current mercury ares in inductive circuits 
which probably are due to this cause. 

The curves of Fig. 8 permit one to set an upper limit to the 
time required for the formations of the voltage bearing cathode 
layer. The fact that the gradient in the positive column remained 
negligibly small from the moment of voltage reversal, ¢ = 11 
microseconds, until glow voltage was reached with the flow of 
measurable current, t = 35 microseconds, shows that the growth 
of the cathode layer was well able to keep pace with the develop- 
ing voltage. It must be concluded then that the time required 
for the cathode layer to form must be small compared to 24 
microseconds. Actually, there is reason to believe that if voltage 
is impressed quickly the cathode layer will form in a fraction of 
a microsecond. 

The manner of formation of the cathode layer is well brought 
out in the paper. It supposes of course that the cathode itself 
is not a source of ionization until glow voltage is reached. This 
would not be the case, however, if refractory electrodes such as 
carbon or tungsten were used which could readily be raised toa 
temperature high enough for thermionic emission. For such 
electrodes quite different cathode layer characteristics should be 
expected. Have the authors taken any oscillograms of carbon or 
tungsten ares? If so, what did they find? 


W. G. Dow, S. S. Attwood and G. S. Timoshenko: The 
authors think that their work, particularly that given in an 
earlier paper,! shows that the cathode layer is built up to the 
point where it can withstand 350 volts in not over 2 microseconds, 
rather than in 24 microseconds as mentioned by Doctor Slepian. 
We wish to call particular attention to the peaked negative dip 
shown by the left-hand voltage record in Fig. 5c of the earlier 
paper. Here it appears that after ‘‘arc-failure,’’ the negative 
cathode drop has become approximately 350 volts in not over 2 
microseconds. There is no reason, in our opinion, to expect any 
difference in kind between the space charge sheath near the 
cathode in the negative direction and that established in the 
positive direction upon the reversal of are electrode polarity. 

Doctor Slepian has mentioned that our work indicates a ‘“‘sud- 
den change from an are cathode to a glow type cathode prior to 
the current zero.”’ He undoubtedly refers to the behavior 
typified by the left-hand voltage record in Fig. 5c of our previous 
paper. We do not believe his description fits the facts. The 
change here illustrated takes place in two distinct steps: 

1. The are current stops. 


2. One-half to two microseconds later a glow discharge starts. 

That these are two distinct independent steps is shown by the . 
large number of records similar to the middle voltage record of 
Fig. 5c in which only the first step occurs, the negative voltage 


1. A.I.E.E, Trans., Vol. 50, September 1931, p. 847. 
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not increasing to a large enough value to permit the glow to 
start. We believe that the growth of space charge between these 
two events takes place in exactly the same way as its growth in 
the reverse direction a few microseconds later. 

In answer to Doctor Slepian’s question, we have obtained a few 
oscillograms of the a-¢ carbon are in air and found that there is 
no are-failure and that the overall electrode voltage passes quite 
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smoothly (much like a sine wave) through its polarity reversal. 
We think that this type of action is to be expected from a re- 
fractory material that has a very high melting or sublimation 
point. It may very well be that certain of the refractory ma- 
terials can rise in temperature to the point where thermionic 
emission plays a role and that for these materials no true reigni- 
tion period exists. We have not tried tungsten electrodes. 


Theory of Primary Networks 


Part I—A Study of Voltage Regulation and Load Distribution 
on Primary Networks 


BY F. M. 


STARR* 


Associate, A.I.E.E. 


Synopsis.—This paper presents solutions of practical operating 
problems of primary networks under normal and abnormal condi- 
tions. The general principles involved in network design are estab- 
lished. Charts are given which show in terms of elementary network 
data the load distribution in the network under various emergency 
conditions. Three simple equations involving only well known 
system constants are given which will enable the distribution engineer 
to determine the proper setting of the compensator and contact- 
making voltmeter to insure (1) that circulating currents shall be 
reduced to a minimum, (2) that overcompounding to secure proper 
voltage regulation shall be adequate, and (8) that any normal un- 
balance in load shall be reduced to a minimum. Other practical 
problems are discussed and answered. 


An exact mathematical analysis of the general regulated network 
is given in the Appendix. This analysis is broad in scope and has 
evident applications other than the particular one with respect to 
primary networks as considered here. 

The paper has been written to meet the requirements of operating 
engineers responsible for system networks. The results given here are 
substantiated by theoretical calculations, calculating board analyses 
and test data on actual systems in operation, and cover all practical 
conditions of steady state operation. 

A subsequent paper will consider the primary network problems 
involved in short-circuit and relay studies. 


yy EY i 3 


INTRODUCTION 


REVIOUS literature on primary networks has been 
P devoted largely to comparative economics. It is 
not the purpose of the present paper to re-discuss 
these factors but rather to consider the actual design 
and operation of the network itself. Part I of the paper 
is devoted to load distribution and voltage regulation, 
and Part II (to appear at a later date) will be SOL SUISS 
with short-circuit and relay studies. 


The particular questions which it has seemed ad- 
visable to study in the present section of the paper 
are as follows: 


1. When a transmission line feeding a primary net- 
work is taken out of service, how does the load carried 
by this line distribute among the network units remain- 
ing in service? 

2. Quantitatively, what advantage in load distribu- 
tion is gained by staggering the network loads on a given 
transmission feeder over concentrating adjacent loads 
on a given feeder? 


3. What effect does the automatic regulating equip- 
ment (tap-changers or induction regulators) on the net- 
work transformers have on the distribution of load under 
normal and abnormal conditions? 


4. Can the compensator used in conjunction with the 
regulating equipment be adjusted to limit circulating 
currents (due to differences in tap positions on the net- 
work transformers as well as to differences in the angles 
of the impressed primary voltages) to a desirable mini- 
mum, to aid in uniformly distributing a normally un- 
balanced load, and at the same time to give adequate 
over-compounding during peak load? 


*Central Station Engg Dept., General Electric Co., Schenec- 
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5. What maximum angular difference between supply 
voltages on the various primary feeders is permissible? 

6. What procedure should be used in adjusting the 
compensator to give optimum performance? 


These various factors have been studied analytically 
and by actual tests on networks in operation. In addi- 
tion a number of calculating-board studies have been 
made. The conclusions arrived at here as a result of 
these studies, and the quantitative data obtained are 
thought to be quite reliable and should prove useful in 
the design and operation of primary networks. 

As an aid to the analytical work in this paper, an 
exact mathematical analysis of the regulated network 
was developed, and is given in general form in the 
Appendix. Although this method of analysis is applied 
here to primary networks, it is perfectly general and 
should be useful in analyzing any network having a mul- 
tiplicity of regulated feed points. 

The material of this paper, as presented in the follow- 
ing pages consists of (1) a discussion of emergency load 
distribution with charts showing the distribution of 
load in a network under various emergency conditions, 
and with analyses showing the influence on emergency 
load distribution of such factors as automatic regulation, 
power factor, impedance of the 4-ky ties, ete., and (2) a 
discussion and analysis of normal network operation 
and design as influenced by such factors as voltage regu- 
lation, circulating currents, and unbalanced load. 


LOAD DISTRIBUTION UNDER EMERGENCY CONDITIONS 


An important factor which affects the design of a 
primary network is the load distribution under condi- 
tions of both normal and emergency operation. It is 
desirable that the network be designed so as to permit 
all of the network transformers to share the load as uni- 
formly as possible. No trouble usually is experienced 
in obtaining good load distribution under normal operat- 
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ing conditions providing adequate 4-ky ties are incorpo- 
rated in the design. In some rare cases where the load 
density is extremely light, it may be desirable to use 
high reactance transformers to insure uniform load 
division. 

More important than the problem of normal load 
distribution in network design is that of emergency load 
distribution. In order that a primary network may be 
designed to have adequate reserve capacity under the 
emergency condition of a transmission line which feeds 
the network being out of service, it is necessary to know 
how the load carried by that feeder divides among the 
network units remaining in service. 

A variety of networks differing in size and construc- 
tion have been studied with this problem in mind, and in 
the light of these studies, the fundamental principles of 
emergency load distribution have been established. 
Primary networks may be very small, as for example 
those shown in Figs. 1A and 1B, or they may be quite 
large similar to that shown in Fig. 2. It is necessary to 
consider both the large and the small network to deter- 
mine the limiting factors in load distribution. 

Initially, networks are usually very small, only 3 or 4 
units being tied together. The two networks shown in 
Figs. 14 and 18 are typical initial layouts and are very 
similar to 2 networks which are in operation at the 
present time. The network shown in Fig. 14 is a sym- 
metrical layout of three units, each being supplied by a 
separate transmission feeder. If feeder 3 is taken out of 
service the load carried by unit 3 distributes uniformly 
between units 1 and 2 owing to the symmetry. Even 
though all of the 4-kv ties are not of equal impedance, 
the load division still will be fairly uniform if the units 
are all thoroughly tied together. 

To illustrate this fact, load data on an actual network 
in operation are tabulated below: 


Feeder out Loadont; Loadonf, Load onés 
fe ote 5 a ee 80 
7 See eee OS 2S a Mesias ee ce a bcsn 121 
TBS FFs feeeee. sts DOSS martes DR trons 126 
CR nae coe WSS os Das 4 5 rere 0 


Above loads are in per cent of normal. The above 
data were taken on a network similar to Fig. la but 
with tiese and fopen. The transformer reactances were 
5.5 per cent, and the 4-kv ties had impedances as fol- 
lows: a = (4.54 + 2.56), b = (3.64 +//2.06),c = 4.15 
+ 71.87), and d = (12.30 + 10.70). 


The above table shows that in spite of the normal 
unbalance in load and the poorly linked network, fairly 
good emergency load distribution is obtained. 

Now consider the network shown in Fig. 18. This 
network of 4 units is fed by 2 lines, units 1 and 4 being 
supplied by feeder A, and units 2 and 3 being supplied 
by feeder B. If feeder B is out of service the load car- 
ried by units 2 and 8 will distribute uniformly between 
units 1 and 4 owing to the symmetrical layout. If each 
of the 4 points were fed by a separate line the emergency 
capacity of the network would be greater by the capacity 
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of one unit than that of the layout as shown. Under 
this condition, if one of the units, say unit 4, were out of 
service, units 2 and 3 would each take approximately 
35 per cent of its load and unit 1 would take the re- 
maining 30 per cent (these values are based upon the 
assumption that the four internal ties are 4-per cent 
overhead lines, the four external ties are 7-per cent over- 
head lines, and the transformers have 6-per cent re- 
actance). ; 


Fig. 1—Typicat SMALL-S1zeED Primary NETWORKS 


These are characteristic of initial layouts 
A. 3-unit network 
B. 4-unit network 


Fig. 2—Typicat LARGE-SIZED Primary NETWORKS 


This network was studied in regard to the various aspects of emergency 
load division 


Experience has shown that networks of a size up to 
about 8 units may always be laid out in such a manner 
that the load carried by any feeder will distribute uni- 
formly between the units remaining in service when 
that feeder is out of service. In larger networks the 
units adjacent to the transformers out of service will 
absorb more of the load than the more remote units. 
In order to determine the emergency load distribution in 
an extensive network, the layout shown in Fig. 2 was 
studied. An extensive calculating board study has 
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been made on this particular layout, the results of part 
of which are shown in chart form in Figs. 3, 4, 5 and 6. 
By exercising some care, these results may be applied 
directly in designing any large sized network (assuming 
of course that the network is not too loosely tied to- 
gether). 

The curves of Fig. 3 show how a normal 100 per cent 
load carried by transformer 23 would distribute among 
the remaining units if transformer 23 were taken out of 
service. Thus, assuming the impedance of the network 
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main to be 4 per cent (1,500 kva, 4-kv base), it may be 
noted from the curves of Fig. 3 that the 4 units immedi- 
ately surrounding unit 23, 7.e., units 16, 22, 24 and 30, 
each take 7.3 per cent of the load originally carried by 
unit 23 (only the curve for unit 16 is plotted in Fig. 3 
since the other 3 are identical to it owing to symmetry). 
Other units more remote from unit 23 take correspond- 
ingly less percentages of the total load. 

Fig. 4 shows a set of curves similar to those of Fig. 3 
for transformer 39 out of service. It may be noted that 
the distribution in this case does not differ greatly from 
that obtaining in the above case with unit 23 out. For 
example, from Fig. 4, units 32 and 38 each take 7.8 per 
cent of the load carried by unit 39 as compared with the 
7.3 per cent of the load carried by unit 23 taken by 
units 16, 22, 24 and 30 in the above case. Space does 
not permit the printing of charts for other key trans- 
former positions. However the 2 sets of curves shown in 
Figs. 3 and 4 represent the 2 extreme current distribu- 
tions for any one transformer out of service, all other 
outages giving distributions intermediate to these. 
Therefore, it should be fairly easy to estimate emer- 
gency load distributions for any large network with 
reasonable accuracy from the data in charts of Figs. 3 
and 4. 

In a network of the size shown in Fig. 2, each trans- 
mission line would feed from 2 to 5 network units, the 
number depending on certain economic factors. In 
order to obtain the most uniform division of load under 
emergency conditions, it is desirable that the network 
units supplied by any one feeder be non-adjacent to 
each other, 7.e., staggered. For example, suppose units 
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11, 23 and 39 to be fed by a common feeder. If this 
feeder were taken out of service unit 24 would receive 
the most severe overload. In this case, again assuming 
A per cent network mains, unit 24 will receive 7.3 per 
cent of the load carried by unit 23 (from Fig. 3) and it 
will receive 1.8 per cent each of the loads carried by 
units 11 and 39. If each unit were normally loaded to 90 
per cent of full load kilovoltampere, the emergency 
load on unit 24 will be approximately. 0.9 (100 + 7.4 
+1.8+ 1.8) or 99.9 per cent of full-load kilovolt- 
ampere.* 

A further examination of the data in Figs. 3 and 4 
will demonstrate that the loss of a transmission feeder in 
a network of fairly large size need never impose an 
excessive overload on any transformer. 


Transmission Feeder Arrangement 


As pointed out above, the conventional method of 
feeding a network is to stagger the network units con- 
nected to any one feeder. For example, units 6, 22, 38 
and 26 in Fig. 2 might be fed by one feeder, units 7, 28, 
39 and 19 by another, ete. An alternative method would 
be to feed a group of adjacent network units from a 
single transmission line. The network in Fig. 2 is shown 
with this type of transmission layout. It is recognized 
that this sort of layout imposes a greater emergency 
overload burden on certain parts of the network when a 
transmission feeder goes out of service. However, it has 
been suggested that this latter method is more economi- 
cal since the additional cost of interlacing the transmis- 
sion lines more than balances the cost for the somewhat 
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increased reserve transformer capacity required for the 
second arrangement. 

In order to determine the probable maximum emer- 
gency overloads in networks whose feeders supply a 
series of adjacent units, the network of Fig. 2 was 
studied with the feeder arrangement as shown. The 
curves of Fig. 5 show the distribution of the load 

*The error involved in superposing the several load compo- 


nents arithmetically to obtain the total is small and may be 
neglected. 
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carried by feeder A when feeder A is out of service. 
Similarly the curves of Fig. 6 show the distribution for 
feeder D out of service (note that all loads are given 
in percentages of the normal load for any one trans- 
former). It may be noted that the maximum over- 
load on any unit for line A out of service (assuming 
4 per cent impedance mains) is 31.5 per cent on unit 
21 (see curve 21, Fig. 5), and for line D out of service it 
is 27 per cent on unit 24 (see curve 24, Fig. 6). 
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Since many utility engineers follow the practise of 
allowing 25 per cent or more short-time overloads on 
substation transformers under emergency conditions, it 
appears that the feeder arrangement shown in Fig. 2 
may not be objectionable from the viewpoint of over- 
loads and it may be highly desirable from the viewpoint 
of economy. Naturally the overloads on any particular 
transformer on a network considerably smaller than the 
one in Fig. 2 are apt to be greater, and more reserve 
transformer capacity will need to be provided. How- 
ever, it should be borne in mind that, for small net- 
works, this problem of feeder arrangement is not im- 
portant since each of the units in a small network will 
‘be fed usually by a separate line. 


Effect of Regulators on Emergency Load Division 

The foregoing studies and accompanying charts are 
the result of calculating board studies on fairly well- 
designed networks. In addition to these operating 
characteristics under optimum conditions, the relative 
effects on network operation of certain irregularities in 
design are important. It is important to know under 
what conditions the automatic regulators on the net- 
work transformers affect the emergency load division, 
to know quantitatively what this effect may be, and to 
know how this effect varies with power factor, im- 
pedance of the 4-kv ties, ete. 

Voltage regulation on a primary network is main- 
tained by means of automatic tap-changing equipment 
on the network transformer, or in some cases by means 
of induction regulators. In conjunction with a contact- 
making voltmeter and a line-drop compensator, these 
regulating equipments tend to hold 100 per cent voltage 
at some point in the secondary distribution system. 
The action of the regulator, in effect, is to change the 
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magnitude of the voltage impressed on the transformer 
without affecting its phase angle. Furthermore, the 
operation of the contact-making voltmeter and com- 
pensator is to hold a constant magnitude of voltage at 
the load without regard to the angle of that voltage. 

It is evident that this regulator action may in some 
cases influence the emergency load distribution in the 
network. The question may be asked, for example, if 
network unit 23 in Fig. 2 is taken out of service, what 
difference is there in the distribution of this load among 
the remaining units with and without automatic regula- 
tion? It may be shown (see below) that in closely-linked 
well designed networks the load distribution is sub- 
stantially the same with or without regulation. It may 
be shown further that the greater the inherent unbalance 
due to the inherent impedance characteristics of the 
network, the greater will be the effect of the automatic 
regulators to change the distribution. Thus, if feeder C 
in Fig. 1A is out, its load will divide uniformly between 
units 1 and 2 whether regulators and compensators are 
provided or not. Similarly the emergency load distribu- 
tion in the large network shown in Fig. 2 will not change 
much if the units are unregulated. 

In order to study the effect of regulator action on 
emergency load distribution it was necessary to go to an 
extreme case in which this action was accentuated. 
For this purpose the simple three-unit network shown in 
elementary form in Fig. 7 was used. The impedance 
links a represent the network transformers and the con- 
nected transmission lines (the latter are usually negli- 
gible). The links b represent the 4-kv network mains or 
ties (in this case only a single tie between units is used 
in order to simulate the most extreme case of a loosely- 
linked network). The links c represent 100 per cent 
loads. The problem is to determine how the load nor- 
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mally carried by unit 8 divides between units 1 and 2 
when unit 3 is out of service. To simplify the analysis 
the loads carried by units 1 and 2 have been omitted 
since their effects may be superposed later if desired. 
The method used is the exact analytical one developed 
in the Appendix. The calculated results for the various 
circuit conditions studied are tabulated in Table I. 
To simplify the analysis it was assumed that voltage 
magnitude was held at the bus rather than at some point 
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TABLE I 
OOOO oaDaolowwwaw>—0—0_—OO— 
No. a b c E; Ee er e2 qh Iz Ti Er I’ 
be ee 0-+j6..... PAPE OS GSE :....008-45..... 93.54. ...100/ —3.08°. .. .100/0° Loe AGT ....1.077 2... 0.957220. Sip eee aoe 
2a O-Ljy6s20.- O-y50 ee Ob jel. ... - 102.295. 100.00. .. .100/ —2.02°. ...100/ —1.10° ....0.70 .. .0.321. . .0.985... .0.637. . .0.348 
Soca 0-76-02 284 7ote- 6.954731 ....108.00. 25: 99.20. ...100/ —2.05°... .100/ —1.01° ....0.779. . .0.324. . .0.964... .0.633. . .0.335 
A eS OTEIG Sat: AE yids eon isl. .... 105.73 eee 96.27. ...100/ —2.41°....100/ —0.681°... .1.690. . .0.653. . 0.958... .0.585. . .0.408 
Base se LO Gad Serene. 90 1743.6). .....103:60 20.56 99.25. ...100/ —1.92°.. ..100/ —0.947°... .0.820. . .0.303. . .0.959.. . .0.630. . .0.334 
6... ... 0-576... --4.4471-4. = - 90 -+743.6.. . 106.19... 96.48. ...100/ —2.27°....100/ —0.642°. ...1.225.. .0.616. . .0.957....0.584. . .0.407 
Tere Men O+j6..... F375 te. 804760... 104.8207... 99.35....100/ —1.68°. . . .100/ —0.830°. . . .0.679. . .0.265. . .9.952....0.625. . .0.331 
Sar eeeas 0-+j6..... 4.44+71.4....80+j60 ....106.69..... 96.87. ...100/ —2.02°. ...100/ —0.568°... .1.260. . .0.548. . .0.958....0.585. . .0.408 


The above data apply to Fig. 7. 
Impedance and voltage values are in per cent. 
Current values are in times normal. 


Currents J; and J> occur with regulation and J;’ and J,’ are the corresponding currents without regulation. 
The network tie impedance, (2.3 +/5.1) is that of one mile of standard 4/0 overhead line; and the tieimpedance, (4.4 +/1.4), is that of one mile of 1/0 


underground 3-conductor cable. 


near the load. Since the loads themselves do not change 
this assumption is legitimate for our present purpose. 

From the data of Table I the following pertinent 
facts may be observed: 

1. For highly reactive network ties, such as overhead 
lines, the distribution of load 3 between units 1 and 2 
substantially is the same with and without regulation. 
This fact apparently is equally true for all reasonable 
load power factors. Since the network studied is an 
extremely loosely-linked one, it may be concluded from 
the above that the load distribution in all networks 
with overhead ties is not influenced greatly by the action 
of the regulators. 

2. For highly resistive network ties, such as under- 
ground cables, the distribution of load 3 between units 
1 and 2 is much more unbalanced with automatic regu- 
lation than without. This unbalance is less pronounced 
at lower load power factors. 

3. The action of the regulators in cases 1, 4, 6 and 8 
is to cause heavy circulating currents to flow from the 
adjacent unit to the remote unit as indicated by the 
magnitude of voltages HZ, and E». Since all of the E’s 
are in phase, these circulating currents are highly reac- 
tive and the components of power current are relatively 
small. The actual division of power currents between 
units 1 and 2 is about the same with or without regula- 
tion. 

The above results demonstrate the maximum possible 
effect that regulation may have on load division. The 
network in Fig. 7, of course, would never be found in 
practise. The other extreme, from the standpoint of 
load division, is the three-unit network shown in Fig. 
1A. In this case uniform load division under emergency 
conditions always will obtain and the regulators will 
have no effect whatever. 

The quantitative criterion that determines the man- 
ner in which a load at a given point in a network (2.e., 
the load on some transformer not in service) will dis- 
tribute to the various points of feed is the range of 
variation in the transfer impedances from the point of 
load to the respective points of feed. A load at a given 
point will distribute directly as the transfer admittances 
to the various points of feed. In a closely-linked net- 


work the variation in transfer admittance between one 
pair of feed points and any other pair of feed points is 
small, which means that a closely-linked network insures 
a maximum uniformity in load division regardless of 
whether the network ties are cables or overhead lines. 
Furthermore, the differences in transfer admittances 
between feed points are less for a large network than for 
a small one (with the exception of certain symmetrical 
layouts), which indicates that a large network may 
have better operating characteristicsfrom the standpoint 
of load division. It should be noted further that not 
only does the criterion of minimum differences in 
transfer admittances insure inherently a minimum of 
load unbalance, but this same criterion minimizes any 
tendency for the regulator action to set up circulating 


t 
Fig. 7—Tuis IMpepDANCE E} oF 
DracraM REPRESENTS A ! 
SmmpLeE 3-Unir Nerwork : 2 
Wuicu Was StuDIED TO 21 a hf a {Sa 
DETERMINE THE FUNDA- 2 


MENTAL EFFECTS oF Buts 
REGULATORS ON EMER- 
GENCY Loap Division 

The distribution of load C be- 
tween units 1 and 2 has been 
studied for various circuit con- 
stants. Refer to Table I 


currents. To illustrate in a simple manner, refer to 
Fig. 7 and to case 4 in Table I. If the transfer admit- 
tances from the point of load ey to the two sources, E; 
and H», had been equal, not only would J; and J. have 
been equal, but their circulating components would 
have been zero. 

It may be stated in general that any effect which 
tends to improve load division under any emergency 
operating condition will also tend to limit circulating 
currents under the same condition. 

The above conclusions are borne out in actual operat- 
ing experience. In one particular case the transfer ad- 
mittances between load points and various feed points - 
do not differ by more than 10 per cent. Even though 
the network ties are highly resistive cables, the load 
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carried by any transformer under normal conditions 
distributes practically uniformly when that transformer 
is out of service. The unit receiving the maximum por- 
tion of the redistributed load receives only 25 per cent 
more of this load than the unit receiving the minimum 
portion. Circulating currents are practicably negli- 
gible. 


NORMAL NETWORK OPERATION 


The foregoing analysis and discussion have been con- 
fined to the design and operation of the network as 
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affected by emergency operating conditions. The 
following discussion is concerned with normal network 
operation. 

Optimum network performance requires that: 

1. The regulators function to maintain approximately 
100 per cent volts at some point in the secondary distri- 
bution system. 

2. All circulating currents be reduced to a minimum. 

3. The distribution of load in the network feeders be 
maintained as uniform as possible. 

The chief instrument in operating the network to 
- these requirements is the line-drop compensator. The 
following analysis will demonstrate how the compen- 
sator should be adjusted for various circuit constants 
to achieve these results. 


Voltage Regulation 


Consider a single network unit, which may be desig- 
nated as unit k, at any point in a network. The circuit 
constants associated with this unit are related by the 
following equations, which, though approximate, are, 
nevertheless, quite accurate and well suited to the 
present purpose. These relations are sufficiently well 
known as to require no proof. They are not vector but 
algebraic relations. 


Ey, =é+ Aid sin 6, (d) 


2T a, cos O; 
2 ee See z 
é, =I1,(Rcos 0; + X sin 61) + 100 (3) 


Cov. = &» — I; (r cos 0, — x sin 6,) = 100 (4) 
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where 
E;, = voltage impressed on transformer k in per cent. 


é, = network unit bus voltage and reference vector. 

8 = anglein radians between Land e;. 

a, = transformer reactance in per cent. 

I; = magnitude of transformer current in times 
normal. 

6, = power factor angle of J; with respect to e;. 

Ty, = magnitude of load current in times normal. 

6; = power factor angle of J; with respect to e. 
(Positive for lagging J;, and negative for leading 
Irs) 


€-», = voltage impressed on contact-making voltmeter. 

r = resistance setting of the compensator. 

x = reactance setting of the compensator. 

k = apparent resistance in distribution system to 
load center. 

X = apparent reactance in distribution system to 
load center. 


The vector relations of the above quantities are shown 
diagrammatically in Fig. 11. If there is no circulating 
current, I, = Iy. Otherwise I; = Iy, + Ic (vectorially), 
where Jc is the circulating current from E;, into the 
network owing to any cause whatever. Since voltages 
at the load center should be ideally 100 per cent, and 
since @,,. is likewise 100 per cent, the following alge- 
braic equation expressing the condition of perfect net- 
work regulation follows from equations (3) and (4) 
above: 

(cp + Ine) r— Ucr + Ine) & = ItpR + IprpX (5) 
where the added subscript P indicates power component 
of current, and the added subscript R indicates reactive 
component of current (both referred to e,). In equation 
(5), the reactive components of current are positive or 
negative accordingly as they are lagging or leading. 
If for any reason the left-hand member of this equation 
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is less than the right-hand member, the voltage at the 
load will be too low. 

Equation (5) may be found particularly useful in 
determining the compensator setting best suited to 
good voltage regulation on the network. It is to be 
used on conjunction with equations (6) to (9) given 
below. Fig. 10 is a family of curves representing equa- 
tion (5) for an assumed load current of 100 per cent, 
0.95 power factor, and for R = 3 per cent and X = 7 
per cent (all resistances and reactances being in per cent 
on a 1,500-kva, 4.3-kv base). These load and circuit 
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constants were chosen because they are fairly repre- 
sentative of a large number of cases. 

As stated above, if equation (5) is satisfied by the 
compensator settings, good regulation will result. Note, 
however, that, if 100 per cent voltage is held at full 
load, the voltage at light load will be somewhat less 
than 100 per cent owing to the decreased power factor 
that inherently accompanies a light load condition. 


Circulating Currents 


In regards to the functions of the compensator, next 
in importance to voltage regulation is the limitation of 
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circulating currents. As is well known and as is evident 
from equations (4) and (5), this is accomplished by 
means of inverse reactance compensation. If any cur- 
rent flowing in the network unit transformer be resolved 
into power and reactive components, Jp and Ir, the 
effect of that current on bus voltage, by virtue of the 
compensator action, is to add rJp and to subtract zZz 
volts. The effects of all other components of voltage 
are negligible. That is, the reactance compensation is 
effective in changing transformer taps only when 
reactive current is flowing, and the resistance compensa- 
tion is effective in changing transformer taps only when 
power current is flowing. Since load current usually is 
of high power factor, the over-compounding during peak 
loads is determined chiefly by the amount of resistance 
compensation. Also, since circulating currents usually 
are highly reactive, their suppression depends chiefly on 
the amount of reactance compensation. Both power 
circulating currents and reactive circulating currents 
are discussed below. 

Circulating currents due to differences in tap positions 
of the network transformer regulators always are highly 
reactive. If transformer k has an impressed voltage n 
taps above or below the voltage level of the network, 
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and if each tap gives an increment change in H;, of AE;, 
the circulating current into the network will be: 

Icr = AE,Dixn (6) 
where D,, is the driving point admittance (reciprocal of 
driving point impedance) from transformer k into the 
network. Since D;: is highly reactive, Icr will be highly 
reactive and will tend to change the magnitude of e, 
by the amount, AE,D,,2n, (a voltage increase if Icr 
is leading and a decrease if Jcr is lagging). One tap 
change should not produce a change in bus voltage 
greater than the contact-making voltmeter voltage band 
in order that pumping and instability of the tap 
changers may be avoided, 7.e. 

AE,D,..x < C. V. Band (+ 0.5 percent) (7a) 
Furthermore, 2 tap changes should produce a change in 
bus voltage greater than the contact-making voltmeter 
band to insure that reactive circulating currents shall be 
limited to a value not more than that corresponding to a 
single tap change, 7.e., 

2AE,.Dixx > C. V. Band (7b) 


Unlike circulating reactive currents, circulating power 
currents usually are caused by phase-angle differences 
in impressed transmission voltages. If EH, is shifted 6° 
from the voltage level of the network, the times normal 
circulating current will be 

Top = 1.75D;;6° (8) 
This current, being an in-phase power current, will tend 
to produce a voltage change in e, of magnitude, 1.75 
rD,,6°. This change in voltage impressed on the con- 
tact-making voltmeter will cause a tap change which in 
turn causes a reactive circulating current to flow. This 
reactive current will prevent more than a single tap 
change from occuring due to phase-angle differences 
provided 
AED yx = yas) Dyxr6° (9) 

The question arises as to how much circulating cur- 

rent owing to a difference in impressed-voltage phase- 
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angle is permissible. This, of course, depends on the 
degree to which the network transformers are loaded. 
In general, a circulating current of from 0.10 to 0.15 of 
normal load current should not be objectionable. Since 
D;x varies from 0.12 in large networks to 0.065 in small 
networks (these values are the inverse of percentage 
driving point impedances, 1,500-kva, 4-kv base), in the ~ 
average network, assuming a permissible circulating 
current of 0.15 of normal, the allowable phase shift of 
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E;, from the network voltage level should not be more 
than 1 deg. 

Phase-angle differences in impressed voltages were 
determined on a particular network which is in opera- 
tion. The maximum divergence from the average was 
found to be 0.98 deg at the time of full-load. The re- 
sulting power circulating currents were less than 0.10 
of normal and not objectionable. 


To illustrate the proper procedure in setting a net- 
-work compensator, and to summarize the above analy- 
sis, the following example is given: 

Problem. A network unit in a small-sized network is 
fed by a feeder whose voltage leads the network level 
by 0.5 deg. The driving point impedance from the 
transformer into the network is 9.2 per cent, or Dz; 
= 1/9.2. The contact-making voltmeter band is 1.0 
per cent volts, and the regulator taps are 1.25 per cent 
volts each. What is the correct compensator setting? 


From equation (8), the power circulating current due 
to 0.5 deg voltage phase displacement is 0.095 of normal. 
A reactive circulating current corresponding to 1 tap 
change (which is, from equation (6), 0.136 of normal in 
this case) should be assumed since the power circulating 
current is sufficient to cause at least one tap change. 
From equations (7a) and (7b) the compensator re- 
actance «x should be less than 7.35 per cent and greater 
than 3.63 per cent. For a first trial, let x = 6 per cent. 
Then, (assuming average circuit conditions, 7.e., 0.95 
power factor, R = 3 and X = 7) from equation (5) or 
from Fig. 10, the value of r is found to be 7.4 per cent, 
which value fails to satisfy equation (9). However, if 
x = 5 per cent, r = 6.9 per cent, which value satisfies 
equations (5), (7) and (9) and is satisfactory. 


Unbalanced Load 


It is highly desirable that a network have character- 
istics such that a normally unbalanced load will dis- 
tribute uniformly among the various points of feed. 
The natural impedance characteristics of a network 
promote uniform distribution of load whether the net- 
work be regulated or not. This fact is borne out in the 
calculating board studies illustrated in Figs. 3, 4, 5 
and 6. 

-In order to study the problem of distribution of 
unbalanced loads, the simple two-unit network shown 
in Fig. 8 was analyzed. The circuit constants and calcu- 
lated data applying to this figure are summarized in 
Table II. It may be noted that two 0.95 power factor 
loads (load 1 being 10 per cent above normal and load 2 
being 10 per cent below normal) were assumed. The 
distribution of loads was calculated assuming bus regu- 
lation (7.e., e: = é: = 100), and then assuming no regu- 
lation at all at the network busses (this latter case being 
equivalent to regulation at the generating station). 
The layout was studied assuming the network tie to bea 
highly reactive overhead line (case 1), and assuming it 
to be a highly resistive underground cable (case 2). 
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An examination of the data in Table II will substantiate 
the following facts and conclusions. 


TABLE II 

Quantity 

measured Case 1 Case 2 
a A cee FET A al 9 J6 
Bier eee ee 2.3 +75.1.. ; 4441.4 
Cpe eee 1.1 (95 +J81)........ 1.1 (95 +731) 
Coon 0.9 (95 + j31) ..0.9 (95 + 731) 
Pees ae TOL Gipeee ete art 101.08 
Ep» i aie 102: Sh eee: ose ks 103.40 
Chto Sa 100.0; of 3.120... .. 100.0 /—3.04° 
a5 cine seot LOOOn = Seto ean. 100.0 / —3.35° 
Tet, Seo ee O95 2) 17ers 0.902/ — 11.4° 
a) pe ates oa 1.063/ — 26.4°........1.129/ — 30.2° 
TS. ee 0.982/ — 20.8°........0.996/ — 19.8° 
be ee See 1028/03 30 eee os 1.013/ —23.8° 
OS Ree. ee O10 = 18 20 oe. . 0.910/ —18.2° 
ie 1.100/ —18.2°......:..1.100/ = 18.29 
Dy) een 2.010/ — 18.2°........2.010/ — 18.2° 


The above data apply to Fig. 8. Impedance and voltage 
values are in per cent. Current values are in times normal. 
Currents I;, Zz and Jy, occur with bus regulation, and cur- 
rents I;’ and [2’ are the corresponding currents without regu- 
lation. The circuit constants are similar to those studied in 
Fig. 7, Table I. 


The distribution of the load between the 2 network 
transformers is somewhat better without bus regulation 
than with, particularly so when the 4-ky tie is under- 
ground cable. 

Thus, bus regulation alone, without compensation 
cannot be said to improve load division. However, 
suppose that compensation of the type described above 
be incorporated in the network units of Fig. 8. In case 
1 in which the network tie is a highly reactive overhead 
line, a power circulating current flows from unit 1 which 
is underloaded to unit 2 which is overloaded. This 
power circulating current helps to balance up the load 
in the manner already indicated, but its effect on the 
compensator is to cause EH’; to increase and EF. to decrease 
slightly, whereas the opposite effect is desired if a more 
equitable division of load is secured. Actually, the 
magnitude of the power circulating current in this case 
is so small that it would not result in any tap change at 
all. 

Now consider case 2 in which the network tie is the 
highly resistive underground cable. Here the circu- 
lating current is highly reactive. This reactive current, 
in itself, has little effect in balancing up the load. How- 
ever, its action on the compensator, in contrast with the 
corresponding action of case 1, is to cause H2 to increase 
and EF, to decrease, which action has a beneficial effect 
in balancing up the loads. It should be noted further- 
more, that, whereas the circulating current in case 1 
is small in magnitude, the circulating current in case 2, 
on the other hand, is of appreciable magnitude and will 
result in an actual change of taps. 

The above analysis leads to the conclusion, then, that 
for networks inherently endowed with unbalanced 
loads, the resistance compensation should be somewhat 
smaller when the ties are overhead lines than when they 
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are cables. Networks having overhead ties have a 
greater inherent tendency to balance loads than do net- 
works with cable ties. Networks with cable ties, on the 
other hand, are able better to improve load division by 
virtue of the effect of the inverse reactance compensa- 
tion. 


Appendix 

Analysis of the Regulated Network 

Fig. 9 is a simplified impedance diagram of a primary 
network that is intended to represent any network 
having n points of feed. The transformers feeding the 
grid are represented by impedances 4, d2, etc. These 
transformer impedance links are intended to include the 
impedances of the transmission lines feeding them, 
which however usually are negligible. The H’s are the 
voltages impressed on the various transformers, and 
their magnitudes will vary from 100 per cent depending 
on the tap positions of their respective load ratio control 
equipments. The e’s are the bus voltages of the re- 
spective network units. It will be assumed here that 
the Z’s are all in phase, and that the e’s are all equal in 
magnitude and equal to some value, say 100 per cent 
volts. Loads are not shown in Fig. 9 since the following 
analysis applies without respect to the manner in which 
the network is loaded. 

The currents flowing into the general network of 
Fig. 9 at the various points of feed will be: 


TI, > Dyk, a= DH, et cee SF Din 


I, = Dyk, ae DoH» a cee at DoE n 
(10) 


ds - Dyk; =F Dyk ie a0 AIF Dilan 

where D,;, Do... . Dnn are the driving point admittances 
from feed points 1, 2...” respectively, and coefficients 
of the form D;, are transfer admittances (between 
points 7 and k). These coefficients are the characteris- 
tic admittances of the network and may be determined 
readily by measurement or calculation.* 

In addition to equation (10) the following vector 
relations are evident: 


éi+aid, = E, 
€2 + Gol. = E, 
(11) 
Cn + Only = K,, 


In addition to equations (10) and (11) the conditions 
of the problem specify that all of the E’s are in phase 
but of unknown magnitude, and that all of the e’s are 
equal to 100 per cent volts but of unknown phase angle. 

If in equation (10) above the 7’th equation be multi- 
plied through by a;, and the k’th equation be multiplied 
through by a;, and so on, and then if the term a,J;, on 


*Refer to Equivalent Circuits—I, Trans. A.I.E.E., Vol. 51, 
June 1932, p. 287. 
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the left of each equation be replaced by HE, — e;, there 
results: 


i (Dy10.—-1) E+ (D121) E2 +... +(Dindi)E, 


ak (Doid2) Ey + (Dode— 1)E.+ eee + (Dende) En 
(12) 


= 0,=(DestEy  +(DastE, +. eee 
Let equation (12) be written as: 
Dy’, + Dyo/H, +... DE: = (A 


Doy'Ey + Do:'E RUBS Don!’ En = €5 
(13) 


Dy'E: —- Dye! Ee aia cee Dix he = €n 


Let the real and imaginary components of the D’ 
coefficients be Dj,’ = mj, + 7;x. Since all of the E’s 
are in phase the following algebraic relations may be 
written: 


Mik; + mek, +...+ mH, = R(e;) 
Moly + MoH, +... + MoH, = R(e) 


(14) 


Mnriky 5s Mnols a cee a Mann = Ren) 

where F(e;,.) is the real part of e, (using Has the reference 
vector). Since e, = E,— a,J;, and since a;J,; is never 
greater than 0.07e;, it follows that R(e;,) will differ from 
the magnitude of e, by not more than 0.002e,, and it is 
therefore proper to replace the right-hand members of 
equation (14) by e. Equation (14) may be solved 
readily for the E’s by means of determinants or a simple 
calculating board set-up. Then the I’s may be de- 
termined from equation (10). 
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Discussion 


Leonard M. Olmsted: The design of any network should 
provide sufficient capacity in excess of normal load requirements 
to carry, without exceeding the permissible overload capacity of 
any transformer, the additional load imposed upon the remain- 
ing transformers when a certain number of transmission circuits 
is out of service. This number is determined by the total num- 
ber of circuits supplying the network, by the policy governing 
times during which circuits are de-energized for routine work, and 
by previous experience with network feeder outages. This 
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emergency loading is a function of the total amount of load 
normally carried on the transformers out of service, the location 
of these transformers in the network, and the relative impedances 
of the network mains and transformers. 


Cognizance of the importance of proper emergency capacity 
for satisfactory operation of network systems led us, some 16 
months ago, to initiate an extensive calculating board analysis. 
Since out network differs from Mr. Starr’s only in the inclusion 
of 4 more transformers located one at each corner of the net- 
work, and the omission of the long ties shown in Fig. 2 of his 
paper as 6-27, 13-34, 20-43, etc., it is reasonable to compare the 
results. Our methods of analysis are too dissimilar to permit 
direct comparison for interlaced transmission, but we have 
handled the parallel transmission in exactly identical manner and 
accordingly these results will be studied. 


For 4-kv mains between adjacent transformers and the trans- 
formers each of 6 per cent impedance, with circuit D out of 
service, our analysis shows that: each transformer on circuits C 
and EF picks up 32 per cent of the load dropped by one of the 
transformers on D. Since Mr. Starr has additional ties to im- 
prove the distribution, his figure of 30 per cent for transformer 
No. 24 must be considered a close check. 


A network must be designed, however, to withstand the most 
extreme reasonable load distribution, which is represented in our 
study by circuit A being out. For this case, transformers on 
circuit B pick up 62 per cent of the load dropped by circuit A. 
In the paper, however, the corresponding outage causes maximum 
increase in load of 35.5 per cent. Such decided improvement in 
the emergency load distribution suggests that the seemingly 
slight differences between the two layouts are actually of con- 
siderable importance. Accordingly, Mr. Starr’s network has 
studied for 6 per cent impedance transformers and mains, with 
interesting results. 


The first set up had exactly the same arrangement of circuits 
as shown in Fig. 2 of the paper. It was assumed that the 4-kv 
circuits are all of the same type of construction and would there- 
for have impedances proportional to the distances. Thus 6-13, 
13-20, 20-21, ete., would all be 6 per cent, 1-6, 34-41, 5-12, and 
40-45 would be 12 per cent; 6-27, 13-34, 1-4, 2-5, 12-33, 19-40, 
41-44 and 42-45 would be at least 18 per cent, and the long ties 
20-43 and 3-26 would be 36 per cent impedance. Using these 
impedances, with circuit A dead the percentages of normal cur- 
rent corresponding to those shown in Fig. 5 for 6 per cent im- 

pedance in network mains become as follows: 


No. 21—47%, No. 7—42%, No. 1—30%. 
No. 22—18%, No. 283— 7%, No. 24— 4%. 


The numbers refer to the transformer locations shown in Fig. 2 
of the paper. 

If the long ties are shortened by 29.3 per cent to represent the 
diagonal distance, the percentages of normal current become: 


No. 21—46%, No. 7—42%, No. 1—30%. 
No. 22—18%, No. 23— 6%, No. 24— 3%. 


In order to check the published figures, it was necessary to 
reduce all impedances, including 1-6, 34-41, etc., 6-27, 13-34, 
ete., and the long ties 20-43 and 3-26 all to 6 per cent. It is 
exceedingly difficult to perceive how such reductions could be 
accomplished in practice, but the following results clearly indi- 
eate that such was the basis for the paper: 


No. 21—36%, No. 7—35%, No. 1—30%. 
No. 22—14%, No. 283— 7%, No. 24— 4%. 


Having demonstrated that with reasonable impedances 47 
per cent, or at least 46 per cent, is the maximum load transferred 
to an adjacent transformer when circuit A is de-energized, it is 
next pertinent to ascertain the reduction in loading attributable 
to the ties 6-27, 13-34, ete., and 20-43, and 3-26. With these ties 
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open, the load on No. 21 is 51 per cent, thereby indicating reduc- 
tion of 4 to 5 per cent for practical values of impedance in the 
ties. 

Without the above ties, the network differs from ours only by 
the omission of one transformer at each end of circuits A and G. 
This reduces the load dropped by circuit A by 28.6 per cent, and 
thus reduces the additional burden thrown upon circuit B. At 
the same time, however, the capacity on circuit A available to 
carry load when circuit B is de-energized, has been reduced by 
28.6 per cent and it is pertinent to investigate whether the load- 
ings may not be greater than that thrown on transformer No. 24 
when cireuit A is out, which the casual reader of the paper would 
infer to represent the worst condition. Considering first the 
system layout that gave loadings in accordance with Fig. 5 of 
the paper, it is found that No. 6, No. 13, and No. 20 pick up 
49 per cent, 45 per cent, and 40 per cent, respectively, all of which 
exceed the 35.5 per cent shown in Fig. 5. Similarly with reason- 
able values of impedance in the longer tie circuits the loading on 
No. 6 is 52 per cent; without the ties, the loading becomes 59 
per cent. 

From the above disclosures, it is concluded that the paper 
does not show the worst loadings for parallel transmission even 
for the network constants upon which it would seem to be based. 
Furthermore, it seems impractical to install the circuits of from 
3 to 6 times the length of the ties between adjacent transformers 
to have the same impedance as the shorter connections. In facet 
the writer is of the opinion that it is more practical to eliminate 
the tie circuits outside the square network entirely, in their 
place installing 4 more transformers located one at each corner 
of the mesh. It is believed that this change entails little, if any, 
increase in system investment, provides more satisfactory operat- 
ing characteristics, and can be so loaded as to increase the load 
capacity of the entire network. 

M. S. Schneider: The three-phase 120-208-volt network in 
Cincinnati is supplied by four 13.2-kv circuits. Three of these 
have induction regulators with standard control and com- 
pensators. The compensators were first set to correspond to the 
circuit resistance—reactance ratio or approximately 1 to 10. This 
resulted in circulating rkva, which, of course, caused one regula- 
tor to ‘‘boost’’ and the other to ‘‘buck”’ still more, with the final 
result that unbalanced voltage and loading existed on the circuits. 

In order to improve conditions, the resistance—reactance ratio 
was changed to 10 to 1 approximately. The result is that the 
regulators are now affected almost entirely by the kilowatt load 
which does not change appreciably with a voltage change on one 
circuit. This naturally stabilized their operation and improved 
the voltage conditions as well as the loading. 


The following tabulation shows this improvement: 


Volts Circu- 
lating 
Maximum Minimum Difference rkva 
Before change in compensa- 
Ln toe Ati Oc. oeneroe Succ of; Slee ales Peete SA e Gio eee 575 
After change in compensation. ..129....... VD Gives cee 2d sees 200 


Reversed compensation has not been necessary. However, 
there is some thought of increasing voltage during heavy load 
and in that event slight negative reactance compensation will be 
used. 

F. M. Starr: Mr. Olmsted has presumably misinterpreted 
the significance of the network shown in Fig. 2. It was intended 
in this layout to simulate an infinite network so far as the inter- 
nal operation of the network is concerned. This procedure was 
necessary in order to establish general principles of network 
emergency operation. It should not be construed, therefore, 
that the network of Fig. 2 represents an actual physical layout. 

As Mr. Olmsted has stated, an actual layout would not have 
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ties 6-27, 13-34, 20-43, ete., connected as shown. However, it 
always is possible to arrange a network with 4 ties of low im- 
pedanece emanating from each unit. Such a layout will give 
results entirely similar to those indicated in Figs. 3, 4, 5 and 6. 
The author has made numerous load studies on a great variety 
of actual network layouts and has found that it is invariably 
possible to limit emergency overloads to a maximum of about 
40 per cent. 

Mr. Olmsted has shown that, by putting network units in the 
corners of the layout as shown in Fig. 2 and by increasing the 
impedances of some of the ties, a greater load unbalance can be 
obtained. This is absolutely true and proves absolutely nothing. 
Obviously a unit tied into the network with only 2 ties is going 
to overload the 2 adjacent units excessively when it is out of 
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service. But itis never necessary to design a network in any such 
fashion, and the overloads existent with such conditions may 
always be avoided. 

Mr. M. S. Schneider has presented some interesting results 
demonstrating the reduction in circulating currents which can 
be obtained by going to high-resistance compensation. He ac- 
complishes approximately the same result by using high-re- 
sistance compensation and a relatively low-reactance compensa- 
tion as is accomplished in the primary network by using negative 
reactance compensation. Where considerable over-compounding 
at the unit bus is required to hold voltage at the load, it will be 
found necessary to use some negative reactance compensation 
with a fairly high-resistance compensation to avoid reactive 
circulating currents. 


a 


Transient Torques in Synchronous Machines 


BY M. STONE* 


Associate, A.I.E.E. 


Synopsis.—The calculation of the alternating torque developed 
on single-phase short circuit has been discussed by previous 
authors.!:7 This paper extends the analysis of the electrical torque 
on short circuit to cover the transient torques due to losses, which 
although not so large as the alternating torques may be the most 
serious factor in the effects of short-circuit torques. 

The resulting mechanical torques in the various parts of the 
machine are analyzed, and some important conclusions reached: 
(1) That a rigid stator transmits all the electrical torque developed; 
while the shaft and coupling of a coupled set, or the springs in a 
spring-mounted stator in general need transmit only a fraction of 
the alternating components. The greater part of the alternating 
components of the electrical torque are absorbed by the inertias in- 


GENERAL DISCUSSION 


lf has long been known that very high values of 
alternating torques are developed on sudden short 

circuit. One of the early incidents that revealed the 
magnitude of such forces occurred when the holding 
down bolts of the first large generators for Niagara were 
sheared off due to a short circuit. There have been 
very few failures in recent years because adequate 
allowance for these forces are made in design. A num- 
ber of excellent papers!” have been written on the 
calculation and measurement of the alternating com- 
ponents of electrical short-circuit torque. Very little 
has been published, however, concerning the mechanical 
effects of transient torques. 

In this paper, the resulting mechanical torques in the 
various parts of the machine are analyzed for the dif- 
ferent components of transient electrical torque. The 
analysis of the electrical torque is extended to include 
the initial. torques due to losses, which are found to be 
relatively important. Other transient conditions that 
may produce more serious torques are discussed. The 
general discussion and simplified calculations are given 
first, since these are of most general interest. 


DISCUSSION OF RESULTS 


The electrical torques developed on sudden short 
circuit may be resolved into alternating components 
and loss components. The alternating torque consists 
mainly of a rated frequency torque due to the reaction 
of the flux with the asymmetrical armature current, and 
the double frequency torque due to the alternating 
current. The loss torque is due mainly to losses in the 
negative phase sequence resistance of the machine and 
in the external resistance, if any. The peak value of 
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volved, when the natural frequency of torsional oscillation is below 
the rated frequency. This is the case always for spring-mounted 
stators, and almost always the case for coupled rotors. 

(2) That the sudden increase in torque on short-circuit conditions 
determined by losses in the negative sequence resistance (mainly the 
rotor losses) or in the resistance of the external circuit, may produce 
higher mechanical torques in shafts and couplings than the alter- 
nating components of the electrical torque. 

(3) That there are other transient conditions which may produce 
more serious mechanical torques than sudden short circuit. These 
are: (1) synchronizing out of phase, (2) allowing a machine to pull 
out of step and remain connected to the system until the slip fre- 
quency approaches the natural frequency of torsional oscillation. 


the electrical torque is limited chiefly by the sub- 
transient reactance (x2”) although for machines with- 
out damper windings, the difference between the direct 
and quadrature axis reactances (x2” — x,”) increases the 
peak torque. 

Typical values of peak electrical torques for the 
several types of synchronous machines (expressed in 
number of times the “unit torque,’”’ corresponding to 
rated speed with a kilowatt load equal to the rated 
kilovoltampere) are as follows: salient pole machines, 
6; 1,800-rpm turbine generators, 10; and 3,600-rpm 
turbine generators, 14. 

Concerning the mechanical effects: the total elec- 
trical torques developed are considered to be trans- 
mitted undiminished through a rigid stator—but it is 
relatively easy to design a stator to carry this peak 
torque. However, for the shaft and coupling between 
mechanically coupled rotors, the peak mechanical 
torque fortunately is almost always reduced con- 
siderably, since the greater part of the electrical torque 
developed is absorbed by the inertia of the rotors. (The 
term “‘mechanical torque” is used here to distinguish it 
from the electrical torque developed.) 

The quantitative effect of the inertias of the coupled 
rotors and the spring action of the shaft in reducing the 
effective torque is shown by equation (4). It may be 
seen that where the natural period of torsional oscil- 
lation is below the rated frequency (as is the case 
almost always) the alternating components are greatly 
reduced. The ratio of the inertia of the coupled rotor 
to the sum of the inertias, (I:)/(I1.+ I2) also enters in 
the reduction of shaft torques. Calculations on typical 
large machines of each type showed values of per unit 
peak shaft torque due to single-phase short circuit from 
no-load to be less than 0.5 for waterwheel machines and 
2.0 for turbine generators. The transient torque in 
waterwheel shafts are particularly low due to the low 
inertias of water turbines. While these figures are for 
typical machines, individual machines may vary con- 
siderably because of the possible variations in natural 
frequency. 
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The springs of a spring-mounted single-phase ma- 
chine, do not transmit much of the alternating torque. 
There is no reduction due to a ratio of inertias, since the 
foundation is considered rigid, giving in effect an infinite 
inertia; but the natural frequency is always kept well 
below the rated frequency. An example of test and 
calculated curves for this case is given in Fig. 1. The 
spring torque was determined by recording the in- 
stantaneous spring deflections on a vibrograph. The 
inertia torque of the stator was also measured by use 
of a hydraulic accelerometer. 

The mechanical analysis leads to another important 
conclusion: that there are other possible transient con- 
ditions which may produce more severe mechanical 
torques than sudden short circuits. These conditions 
are (1) synchronizing out of phase, and (2) allowing a 
machine to pull out of step and remain on the system 
until the slip frequency approaches the natural fre- 
quency of torsional oscillation. Transient torques due 
to system power oscillations, in which the machine does 
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not pull out of step, generally do not produce serious 
torques because the oscillation frequency always is 
lower than the natural frequency. 

It is, of course, well known that throwing a machine 
on a large system out of phase by more than 60 deg 
produces a worse electrical transient than sudden short 
circuit; this analysis shows that even with a 30 deg 
angle, a low reactance machine (such as a 3,600-rpm 
turbine generator) will have a suddenly applied average 
electrical torque of about four times normal in addition 
to the alternating components, and may produce more 
serious mechanical effects. 

The transient associated with a machine pulling out 
of step produces no very serious torques unless the 
machine is allowed to remain on the system until the 
slip frequency approaches the natural frequency of 
torsional oscillation. This slip will generally be of the 
order of 10 per cent or higher. The slip frequency elec- 
trical torque developed under this condition will not be 
much greater than rated torque, but as the resonant 
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frequency is approached, the mechanical torques are 
limited only by the mechanical damping and the speed 
of passing through resonance. Very high mechanical 
torques are possible and this condition should always 
be avoided. 


SIMPLIFIED CALCULATION OF ELECTRICAL AND 
MECHANICAL SHORT-CIRCUIT TORQUES 


As stated previously, a rigid stator frame transmits 
the peak electrical torque developed—the complete 
equation for the instantaneous torque being given by 
equations (5) and (9). A simple, but useful, approxi- 
mate expression for the peak torque on single-phase 
short circuit, neglecting decrements and losses, may be 
used (the symbols being as defined at the end of this 


section): 
)] w 


qT ~ 2.6 C0” [1 17 ( 

p~ Lo 4. xa” a 

For a short circuit at the terminals, the loss component 
does not add much to the peak and it is offset approxi- 
mately by the neglected decrement effects. Where the 
external resistance is appreciable, the initial asymmetri- 
cal loss torque, 7’; (as defined in equation (3) ), should 
be added. 


For the case of coupled rotors, the peak mechanical 
torques in the shaft or coupling can be determined by 
plotting the simplified formula, equation (4) for one 
cycle. This simplified formula was derived neglecting 
all decrement, but an approximate factor may be ap- 
plied to peak torque to take this into account; calcula- 
tions based on the more complete analysis (equation 
(17) ), show this factor to be about 0.9 to 0.8 for most 
normal machines. Cases approaching resonance are 
treated in the latter part of this paper including both 
the mechanical and electrical decrement; it is sufficient 
to emphasize here that resonance should always be 
avoided. 


Certain other justifiable assumptions are made to 
simplify the results. The effect of resistance in limit- 
ing the current and the average change in speed are 
neglected. The effect of the higher harmonics (above 
the second) are also neglected. The short circuit is 
assumed to occur at the instant of maximum inter- 
linkage, since this gives the maximum electrical torque. 
The formula is derived for a short circuit from no load 
which gives the greatest sudden increase in average 
torque and hence almost always would give the highest 
peak shaft torque. 


Based on the assumptions stated above, the per unit 
electrical torque (T.,) may be written for a single-phase 
short circuit as: 


To = T,sin wt— T.sin 2wt 


in = xa" 
22 + La” 


ee i 
+ T,[ 1-5 eos wt + —>— cos 2a | 


; (2) 
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For a line-to-line short circuit: 


2e0” 

Ti = : ” 

Xe a La 
T= 2e° : [ v2 = To — La" | 

to = a ped X2 

~ — for x, = xa’ as for turbine generators 

and machines with damper windings. (3) 
6eé,? 

T's = (a a tq’)? [r +- 205 = r1| 


Line-to-neutral short circuit may be calculated by 


Xo 


3 ) to x,” and x, in the above formula and 


adding ( 
adding r,/4 to the external resistance (r); except where 
rois greater than x,”. 

The mechanical torque equation for two mechanically 
coupled rotors, obtained from equation (17) by putting 
all the decrement factors equal to zero, is: 


Peel ie (eae 
Fal Te | a ye a Ob iE ; sin 2at 
We We 
7 oo t+ Qt 
Rees, COS. @ cos 2w 
( w )- 1 ( 2w )- 1 
We We 
2 (6>) 1 Ze 5 i 
SIN W, 
«| (2yoa (22yoa | 
We 2) 


= ee pace mie ee iF Wet | (4) 
: eat Gah | 


Notation. Per unit notation is used for torques, cur- 
rents, voltages, reactances and resistances; that is, the 
values are expressed as the number of times the unit 
value. The unit value for the several quantities is 
taken as follows: 

Unit torque is the torque corresponding to rated speed 
with a kilowatt load equal to the kilovoltampere rating. 
For single-phase machines the reactances and re- 
sistances are based on the equivalent three-phase 
kilovoltampere, hence unit torque corresponds to a 
kilowatt load equal to +/3 times the single-phase 
kilovoltampere. 

Unit voltage is rated maximum phase voltage. 

Unit current is rated maximum phase current. 

Unit reactance (is what is usually termed 100 per cent 
reactance on the machine kilovoltampere base); in 
ohms per phase it is unit voltage divided by unit cur- 
rent. For single-phase machines unit reactance is based 
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on the equivalent three-phase rating = ./3 times the 
single-phase kilovoltampere. 

Umit resistance is on the same basis as unit reactance 
and is identical numerically. 


Iast of Symbols. The following list of symbols covers 
all the terms used more than once; a few others are 
defined as used. 


: ; 2I,n 
¢ = mechanical damping factor = ; 
€) = per unit voltage previous to short circuit. 


I, = inertia of the coupled prime mover or other 
rotor (in. lb per sec’). 
I, = inertia of the rotor of the short-circuited ma- 
chine. 
k = elastic constant of shaft, or springs (in. lb per 
radian). 
n = mechanical decrement factor for shaft or 
springs. 
r = per unit external resistance (positive or nega- 
tive sequence). 
r; = positive phase sequence resistance of the 
machine. 
7) = zero phase sequence resistance of machine and 
external circuit. 
T2 = negative phase sequence resistance of the ma- 
chine; for turbine generators r, should be cor- 
rected for saturation at the high current values. 
T = the (per unit) instantaneous mechanical torque. 
T, = alternating component of the electrical torque. 
T, = the armature time constant. 
Ti.’ = the transient open-circuit time constant. 
Ta." = the subtransient open-circuit time constant. 
T., = the instantaneous electrical torque. 

T;, = loss component of the electrical torque. 

T;, =the initial amplitude of the rated frequency 
component, of electrical torque. 

T,. = the initial amplitude of the double frequency 
component. 

T; =the initial value of the asymmetrical (.e., 
average) component of the loss torque. 

X%q = direct-axis synchronous reactance. 


x,’ = direct-axis transient reactance. 
x," = direct-axis subtransient reactance. 
x,” = the quadrature-axis subtransient reactance. 


2, = WLa" +X," the effective negative phase sequence 
reactance for single-phase short circuit. 
Zo = zero phase sequence reactance. 
a = effective decrement factor for the initial decay 
of the rated frequency component of torque. 
8 = effective decrement factor for the initial decay 
of the double frequency component of torque. 
y =the effective decrement factor for the initial 
decrement of the loss component of torque. 
e = base of natural logarithms = 2.71. 
¢@ = angle between the direct-axis and the axis of 


the short-circuited phase. 
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¢$; = per unit angle defining the position of the 
coupled rotor in space, unit angle being taken 
as the angular deflection of the shaft or the 
springs for unit torque. 

2 = per unit angle defining the position of the rotor 
of the machine short-circuited. 

w = 2rf, where fis the rated frequency. 

w, = 2xf,, where f, is the natural frequency of 
torsional oscillation. 


ELECTRICAL SHORT-CIRCUIT TORQUE 


Alternating Component. Formulas for calculating the 
alternating component of short-circuit torque have been 
given by Penney’ and others, but a recent paper! by 
Nickle, Pierce and Henderson gives a solution written 
in a series form equation (5), which is most usable. 
Penney’s’ torque formula was based on the change of 
stored magnetic energy. The authors of the former 
paper! start with a fundamental equation derived by 
Park* from considerations of the instantaneous power 
output for no change in stored magnetic energy. This 
same fundamental relation was derived from a still 
different point of view based on the fundamental dis- 
tribution of flux and current in the air gap. The chief 
merit of the new derivation is that it gives a simple 
physical conception and makes possible the calculation 
of the radial forces in the air gap as well; however, space 
limitations do not permit including it here. 

The equation for the alternating component of single- 
phase short-circuit torque 7, is quoted from the 
paper! mentioned above, except for using (wt) instead 
of tand ¢ for a. 


Cy” ( <a F 
Mere ee 2FA > nb ® sinn (ot + $) 
w= 1,38, 5%... 
Xo ae eae 5) 
= | ayers amare oer ake sin n(wt+¢) 
n= 2,4, 6, 


(5) 
where F is the rotor interlinkage as a fraction of the 
initial value and A is the armature interlinkage as a 
fraction of the maximum possible value at the instant 
of short circuit. 

t 


A=e 7 cosd 
ta" +22 | (ta! + %2)(ta— 2a!) —E (242) 
= € 
La + Lo (ta + %2)(ta’ + 22) 
Toad ” ft xd! —%2 
a barca te Tao" ees) Dy we Ma ~ Lal 
ta’ + Xe E Ge tq” 


Loss Torques. The component of torque due to the 


losses can be calculated from resistance losses produced 
by the instantaneous currents in the armature and the 
induced currents in the direct and quadrature axis rotor 
circuits. An accurate expression for the instantaneous 
loss in all the circuits at any time would necessarily be 
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very complicated; however, a relatively simple expres- 
sion may be obtained which is sufficiently accurate in 
the first few cycles where the loss torques are of conse- 
quence. To obtain this simple solution the effective 
rotor resistance in each axis will be taken as 2 (r2 — 11)3. 
the factor 2 enters in this expression because (r2 — 71) 
is only half the rotor loss for unit negative phase 
sequence current, since the other half is supplied 
mechanically by the rotor. This assumes that all of 
the components of armature current induce correspond- 
ing damper winding circuits, which is true only initially 
since after a few cycles the asymmetrical component of 
the damper current has disappeared completely. 

For a line-to-line short circuit the loss in the armature 
circuit can be calculated also in terms of the direct and 
quadrature-axis components of current (7a) and (7,). 
The resistance coefficient for the armature circuit is 
(r: + r) where r is the external resistance per phase and 
r, the positive sequence resistance of the machine. It 
is true that the resistance coefficient for the asym- 
metrical current is something less than 1:, but the differ- 
ence will have a negligible effect on the loss. The total 
resistance coefficient is then: (r + 2r2— ri), and the loss 
torque (7';) is: 

Di = Aba 4 tal tes once (6) 
Neglecting the higher harmonics the components of 
current on a line-to-line short circuit are: 


Qe, rf 
es Sera — [F cos (wt + ) — A] cos (wt +.) - (7) 
: 2eo 
toa = ee [F cos (wt + $) — A]sin (wt + ) (8) 
Hence: 

4e,2 F? 
Ty, = CREE, [ ( 9 + As )— 2FA cos (wt + ¢) 
F2 
++ 5 cos 2 (at + 4) | [r+ 2re— (9) 


For a line-to-neutral short circuit (x)/2) should be 
added to both x4” and 22, also (1/2)(ro) should be added 
to the external resistance (r) to take into account the 
neutral resistance which may be quite high. Where the 
neutral resistance is of the same order as the reactance, 
its effect in limiting the current should also be taken 
into account. 

Approximations for the Initial Decrement. The ac- 
curate expression for the electrical torque is given by 
the sum of equations (5) and (9); but for calculations 
of mechanical torques in the shafts of two coupled 
rotors, or in the springs of spring-mounted machines, 
it is desirable to simplify these expressions. Since, 
except for cases near resonance, the peak mechanical 
torque will occur within one cycle of the natural oscil- 
lation, approximations for F and A, which are accurate 
for a few cycles, will be used. The other necessary 
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assumptions are the same as stated for the simplified 
calculations. 

_ For the first few cycles, the following approximations 
are made: 


Fe and A = «~°# (10) 
where 
oa 1 ( ra’ — ean ) 4 
7 SPX xa" + 2 and Og = Te (11) 


In simplifying equation (5), the decrement of the 
double frequency torque will be considered determined 
by F?—the error being small, since the coefficient of A? 
is smaller than that of F?.. With these approximations: 
Ti = T,€ “sin wt— T. €” sin 2ut 
+ T;[e-” — 4/3 e ™ cos wt + 1/8 e€ * cos2wt] (12) 
For single-phase short circuits, the values of T,, JT’. and 
T are as given by equation (3); and: 

a=o;+0, 
= 2; (13) 
Y = 2/3 (20. + Gy) 


MECHANICAL SHORT-CIRCUIT TORQUES 


Shaft Torques. The mechanical torque in the shaft 
and coupling between two coupled rotors may be 
analyzed as follows. The equation of static equilibrium 
of the two rotors can be written: 


Tigi" +k (p1— $2) = 0 


I.2" — k (61— $2) = Ter 
and introducing the shaft torque T = k (¢2— ¢1), and 
mechanical damping, we have: 


[sp] rsers[ tf ]r-r. a>) 


which we now write as: 


I, ) a (24+) 
k T’+cT’+ ans aa ih 
= T,e-“ sin wt — Tre sin 2ut 

+ T;[e-" — 4/3 e~™ cos wt + 1/3 €~™ cos 2 ut] 
from equation (12), calling: 


(14) 


(16) 


¥ ck 
oy 
k (I, + Is) 
Qi? Saas, 7. 7 eee 
EOE. 


and @,'2 — wo iy n’, 
the complete expression for the mechanical torque in the 
shaft is: 


spas aph 2, —at 
Tr. (=4 7)“ 
(Ca? tse 5 (eG) 7] akan) ee 


{[(w,’)? — w? + (a— n)*] sin wt + [2 (a — n)w] cos wt} 


pi 
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ney. a 
a Bas 77) wee 
[Cae’)? — (2w)? + (8 — n)?? + [4(6 — 2) oP 


{[(w’)?— (2w)?+ (6—n)?] sin 2wt+[4(6—n) w] cos 2wt} 


Gut 


I, 
* T4( +l, ) 3 L [(w.)? — 2ny + 7] 
AVS ens 
[(we’)? — w® + (a — )*? + [2 (2 — 9) wf 
{[(@e’)? — w? + (@— n)*] cos wt — [2 (a— n) w] sin wt } 


va ieee 
[(we’)? — (2m)? + (B— )*P? + [4 @— 7») wf 


{[(o.!)®— Qu)?-+6—n)'] cos 2et—[4(6—n) e] sin at} | 


I, 


—nt | Dae , " / 
ns ray ae .€ @[T’ sin w,'t + T” cos w,’t] 


(17) 
The values of TJ’ and T” are determined from the con- 
ditions at the time (¢ = 0) of the short circuit. These 
are T' = T’ = 0, fora short circuit from no load. 

The fundamental concepts are brought out by 
neglecting the electrical and mechanical decrements. 
For the case of resonance, which is sometimes im- 
portant, these decrements may not be neglected and 
play an important part. As indicative of the phenom- 
ena, consider the type case: 


Tik 
I; 


The solution of this equation with the arbitrary con- 
stants indicated follows directly from (17) and is 


e ~ . sin wt 


TT” + 29T’ + o2T = (18) 


I; 
TN Aes ace, CO 
2 1a Ge verse hes tame ) fe“ + €-™] sin wt 
(a= on)e = 2a 
| 20! t —nt 
+ yen [fe ~ — €~™] cos w 1 (19) 


The interesting part to observe here is that a and 7 
enter the equations practically identically, z.e., the 
resultant action under an exponentially decaying 
sinusoidal force is not unlike that of a pure sinusoidal 
force with mechanical damping. 

Spring-Mounted Stators. For the case of the spring- 
mounted stator, a little examination shows that the 
above relations hold exactly, where k is the rotational 
spring constant of the spring system, J, = © (the 
foundation) and I, = rotational inertia of stator. 

Experimental Determination of Short-Circuit Torque 
and Example. The special construction of the spring- 
mounted stator has made it particularly adaptable for 
the experimental determination of short-circuit torques. 
Earlier experimentors®” have resorted to measurements 
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on the rotor proper and while they have been exact, 
there are definite limitations not existent in the type of 
test discussed here. The method suggests itself of 
measuring the frame foot reaction, using a piezo-electric 
measuring device,® but the disadvantage here would be 
in making the assumption that the frame was inflexible. 

The tests discussed here were carried out by Mr. E. A. 
Tulus,* who also designed the accelerometer used to 
check stator inertia torques. Spring torques were de- 
termined directly by recording the instantaneous de- 
flections of the spring groups by means of the direct 
reading Geiger vibrograph. For the purpose of test, a 
large single-phase 60-cycle generator was employed, but 
tested at 25 cycles to bring out the importance of torque 
oscillations at the natural period. Now from equation 
(14), 

To" + ko = TF, 
or 
f == Leming = TD etecen seat 


so that by measuring both 7’,, (by the vibrograph) and 
T; (by the accelerometer), the instantaneous values of 
T.: were checked. However, since the prime interest 
in our test was T',,, Fig. 1 shows the values as measured 
and as calculated from equation (17). The machine 


constants were: 
%2=L4 =0.18 én=1 I =7.7x108 in. Ib sec? 
t2' = 0.30 2r.—7,=0.014 k&=6.0x10" in. lb per 
radian 
€a=1.20 r=0 a=19.5 
T ao’ =6.5 sec d= O.0 B=14.0 
T ao” =0.05 see T2=2.8 vy =21.0 
T ,.=0.08 sec T;=0.6 7 =5.0 


It is important to realize that the major contributing 
torque oscillations are those at the natural period of 
oscillation of the machine. The test shown was for a 
single-phase line-to-line short circuit, near the instant 
of zero voltage. The coincidence between test and 
calculation is striking. The expression for the spring 
torque, figures out to be: 

T = « '** |— 2.21 sin wt + 1.03 cos wt] 


+ € * (0:23 sin 2wi] + e—2" [0.75] 


+ € ° [8.45 w,’t — 1.78 cos w,’t] (20) 
Fora = 6 = vy = 7 = 0, the expression is, 
T =[— 2.55 sin wt + 0.386 cos wi + 0.25 sin 2wt 
+ 0.60 + 3.68 sin w.é — 0.96 cos w.t] (21) 


The difference in the peak torque, in the first cycle, is 
of the order of 20 per cent,—the simpler calculation 
being on the safe side. 

Short-Circuit Stresses in Stators. The question of me- 
chanical reactions in the stator revolves around the 
foundation bolt, frame foot, and frame section stresses. 
Due to the relative stator rigidity, the electrical torques 
are considered to act undiminished. This is no handicap 


*Westinghouse Elec. & Mfg. Co., Railway Engg Dept. 


STONE AND KILGORE 


Transactions A.I.H.E. 


to stator design, since even short-circuit torques result 
in low stresses. Considering the torque as uniformly 
distributed around the stator bore, and referring to 
Fig. 2, the distribution of forces as shown in e deter- 
mines essentially the stresses in the stator. We thus 
have a statically indeterminate structure to solve, 
when the normal force and bending momentat point O 
at the top of the stator are zero. Following ideas 
usually resorted to in such cases,’ from conditions of 
symmetry the point O does not move during short cir- 


Ou : 
cuit. This fact is given by eee 0, where wu is the 


This condi- 


stored energy in the strained stator half. 
tion expanded is 
ga us 
Jf Misin gdb + J Mo sin dde = 0 (22) 
ga 


oO 


GLIEITTRITSTT TD 
= 4 


{eee : 
[Uhl at 
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a 
& trsingas| 


Fic. 2—Suort-Circuir STRESSES IN STATORS 


where 
M, = Srsin ¢ + tr? (¢— sin d);0<d¢<da (23) 
M, = Srsin ¢ + tr? (@— sin ¢) 

— Fr (sin @a— singd)— Fa;du<d<a (24) 


r = radius to the neutral axis 
E = modulus of elasticity 
IT = moment of inertia of frame section 


Solution of (22) gives the expression for S which substi- 
tuted in (23) and (24) evaluates the bending moments: 


a 
T | cos $4(2— + sin oa) — (rT — me 
S = OP 1-777 
wr a/r + sin da 
(25) 
ih k= Pa 5 . 
m= [6+ (emo ap aang) 06 | 


(26) 
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Ma = = [ o—a+ (cos es) sin } | (27) 


The difference between M, and M, at ¢ = ¢, is the 
concentrated bending moment, Fa. The distribution is 
shown typically in Fig. 2d. The maximum value of M 
usually is at @ = ¢., but not always. For the case of 
a 43,500-kva, 1,800-rpm turbine generator the constants 
are: 


P= 2x 10°in-lb. a = 0 
7 = 95 in. f= 3,420 n4 
ga = 120 deg. Z = —— = 1,000 in 


Thus the bending moment at ¢ = ¢.is Mnaz = 0.1T, 
1.e., the maximum bending moment is about 10 per cent 
of the short-circuit torque for this case. Very often, 
however, it reaches 40 per cent of T. The corresponding 
stress is 

Ono 2) x 10! 


S = Sa SEI rae 2,000 Ib per in.? 


which is very low. 


OTHER TRANSIENT TORQUES 


Runmng Out of Synchronism. The electrical torque 
(T..) produced under this condition can be approximated 
as, 


Eu Ee 
atx 


where E'q; is the voltage back of synchronous reactance 
for the machine considered, x is the reactance of the 
system to which it is connected and E, is the voltage 
back of this reactance, and s is the per unit slip. 


The general method of calculating the effect of passing 
through resonance at a constant amplitude of applied 
force has been worked out by F. M. Lewis,’ and experi- 
mental results given by J. G.. Baker and E. A. Tulus.? 
The curves of Fig. 3 give resulting torque in number of 
times the applied torque for different rates of passing 
through. The applied torque (7») is in this case 
(1,T.)/(1, + I:). These curves may be used providing 
the rate of passing through is not changing too rapidly. 
The average rate of change in speed may be calculated 
from the stored energy and the induction motor torque. 


Under certain conditions a machine actually may 
reach a stable condition and run at a definite slip, such a 
case is described in an article? by A. A. Kroneberg. If 
this stable slip frequency should be close to the natural 
frequency, the resulting torque would reach serious 
magnitudes. 

Synchronizing Out i Phase. If a machine is running at 
synchronous speed with the voltage equal numerically 
to the line voltage (H;), but out of phase by an angle 
(6) at the instant of connecting to the line, the alter- 
nating electrical torque for the first few cycles is equiva- 


ie = sin s wt (28) 
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lent to that of a sudden short circuit at a voltage 
é) = EH, ~/2— 2 cos (6). For a polyphase machine the 
transient is similar to a polyphase short circuit at this 
voltage. Space does not permit including this formula, 
but the alternating torque can be approximated by 
taking the fundamental frequency only in the single- 
phase torque expression. 

The suddenly created average torque (T;) due to the 
power surge tending to pull the machines into step, can 
be approximated in the first few cycles by 


(29) 


The mechanical torque in the shaft resulting from this 
component is: 


Ee 


Serres tM ee (ar: )a- COS ano 


[DAMPING FACTOR, =0.05) eb 
a 


Tg+cg+Ko= To sin at 
WHERE w= &t 


FROM+=0 UNTIL @ 
REACHES Oc 


Beni 
et or cr 


Fic. 3—Curves SHOWING VIBRATION AMPLITUDES ON GOING 
THrouGH RESONANCE 


The peak value indicated by this formula will be re- 
duced by the electrical decrement about the same degree 
as for sudden short circuit. 
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Discussion 


R. Baudry: Since this paper was written, the writer has caleu- 
lated (in collaboration with the authors of the paper) the me- 
chanical torques in the shafts of a tandem compound turbine 
generator, where the rotating element is composed of 3 masses 
connected by 2 shafts. In this case, the problem becomes more 
complicated; the mechanical and electrical decrements can be 
neglected in order to simplify the solution. The mechanical 
torques thus calculated are slightly larger, and so the calculation 
is on the safe side. 
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Fig. 1—Genprator SHarr TorQUE FOR SINGLE-PHASE 


SHort Circuit on A TANDEM CoMPouUND TURBINE GENERATOR 
UNIT 


In this case, there are 2 critical speeds, @; and W.. Using the 
same notation as in the paper, the 2 critical speeds are obtained 
from the following bi-quadratic equations: 


oe | x, (=- + —- ) + (=. 


+ KK: (> T 


G2 


il il ) 
Se TT, be ne 
The applied electrical torque can be written in the following form: 
Ter = Ty + Tn sin nWt + Ten Cos nwt 
The mechanical torques in the shaft are: 
T, between the generator and the high pressure turbine. 


T. between the high pressure and low pressure turbines. 
These torques are obtained from the two following equations: 
1 i 


Ty!’ +K,(— + — 
“+k, (— + > 


i Ke 
TT." + Ke{ — ) —_ —. 
pts 2( fe ae T 2 T 


I; 


Following is given the mechanical torque 7; produced in the 
shaft by 7c. 


Ki lp phen 
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I, +13 + Ky, 
Iit+I.+T7s qT, ) I, +13 
COS Wot oe 
Oni We aT, In +12 +T1s 
K = Or 
Py by 2 Cas f of oa) sin Wt 
ae Nk: @1 (@s? — W?) (nw? — Ww) ; 
1 1 
(OVS In) | aa Se ) 
nw Ts. T; a 
2 SIN Wei 
QW. (Gs? — WW”) (n2w? — W,?) 
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Ks ( rt) — na)? 
A fi sin nwt 
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=toushy ws a(t) ee of of ) cos Wit 
A Se (Wo? — W2) (n2w? — w,) : 
wl 1 
W.? — Ke eS 
+ ty a) COS Wet 
(G2? — Ww?) (na? — W2?) ” : 
1 1 
Ke ake ) — nw 
I, Tz 
COS NWt 


(n?0)? nes (1?) (n?@? Bact G2”) 


The curve in Fig. 1 gives the mechanical torque 7’: produced 
in the shaft of a tandem compound turbine generator set. 

J. F. Calvert: Considerable material has been published here- 
tofore on the large alternating torques of electromagnetic origin, 
which are present following short circuits. These are of im- 
portance in the stator. The discussion in this paper of the elec- 
trical loss torques probably is the first serious study of this 
problem which has been published. These loss torques are shown 
to be of at least equal importance with the alternating ones so 
far as the rotor couplings are concerned. The studies given to 
torques due to synchronizing out-of-phase, and to those due to 
pulling-out-of-step, also are new and equally valuable contribu- 
tions. 

The authors have allowed very little space.to the derivation 
of formulas for electrical torques. It may be of some interest to 
add a short discussion of this feature which will give something 
of a physical picture of the problem. 

In an article on Forces in Turbine Generator Stator Windings 
(Transactions A.I.E.E., March, 1931, p. 178), the writer gave 
a physical interpretation of the calculation of electromagnetic 
forces from f° H? - ds, over some surface in air which encircles a 
conductor carrying current. The methods shown in Appendix 
D of that article are directly applicable to the problems of 
torques or tangential forces acting on solid parts adjacent to the 
air gap, and also to radial forces acting on these solid parts. 

If the stator bore were assumed to be a smooth iron surface 
carrying thin current sheets, it would be found that when torques 
were exerted on this member, the flux would enter at an oblique 
angle. This surface may be considered as a series of very small 
angular saw-toothed pieces. One side of each tooth lies exactly 
along a flux line and consists only of a current sheet, which 
receives the ampere turn surfaces. There is a force exerted on 
this current sheet tending to force it out of the air gap. The other 
side of each saw tooth coincides with an ampere turn surface, and 
consists only of iron, which receives the flux lines. There is a 
force exerted on the latter surface tending to pull it into the air 


0.0139 _ 
10° 


square inch, where B is given in lines per square inch. 


gap, The magnitude of these forces is Br? |b per 
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From Fig. 2, the tangential force per unit of actual stator 
surface area is 


0.0139 : 
) fg =~" (2 Br? cos. 6 sin 0) 
0.0139 
~Svnpie (2 By: Br) 


B, = tangential component of Br 
B, = radial component of Br 
Similarly, the outward radial or bursting force in pounds per 
square inch is 


0.0139 : 
F, = Pig c emis 29 — Br? cos 26) 
0.0139 
Re Cpe ey 


This bursting force can be extremely large when taken over the 
total area of the stator bore. It appears during certain instants 


ACTUAL STATOR 


SURFACE 


0.0139 
106 


0.0139 p2, 
ios BR'COS @-SIN@ 


Hig. 2 


after short circuit when the tangential densities exceed the radial 
densities over a large part of the air gap. It is a factor to be 
considered in low reactance split frame machines. 

Returning to the tangential component to derive an expression 
for torque 


vee a 2 Bra cos (s) + B;q sin (s) [Bia cos (s) + Big sin (s)|ds 
0 

or 

A (B,aBia se ByqB tq) 

when 


Brg = maximum radial value of direct axis component 
maximum radial value of direct axis component 
Big = maximum tangential value of direct axis component 
maximum tangential value of direct axis component 
= total stator bore surface in square inches 
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This can be used as a basis for calculating torques. The 
densities can then be put in any more convenient terms as 
desired, such as voltage, current, and reactance, ete. 


I. A. Terry: The authors have presented a very careful and 
interesting analysis of the transient torques in synchronous 
machines and have shown clearly the influence of the various 
factors, which enter the problem, upon the final result. The 
method of introducing resistance losses into the equations repre- 
sents a very satisfactory engineering method of handling a 
problem that is of great mathematical complexity. The value 
of 7’; given in equations (3) indicates that it cannot be neglected 
entirely as has been done by previous authors. 


The practical application of the analysis concerns manufactur- 
ing companies as well as construction and operating companies. 
It is necessary to design rotating machinery so that the stresses 
set up during electrical disturbances will not produce permanent 
deformation of parts. Furthermore, it is necessary to have the 
foundation design ample to withstand the forces to which it is 
subjected. Since the cost of the foundation is an item of con- 
siderable magnitude in any installation, it is not possible to make 
an economical design without a fairly accurate knowledge of the 
forces involved under all conditions of operation which may 
oceur. 


The electrical torque produced under conditions of operating 
out of synchronism and the possibility of passing through a 
resonance point at some value of slip shows very clearly the 
advisability of providing protective devices to remove the ma- 
chine from the electrical supply before the slip approaches the 
critical value. 

L. A. Kilgore: Mr. J. F. Calvert’s discussion develops a 
formula for torque in terms of the fundamental components of 
the flux in the air gap. Using per unit notation, Mr. Calvert’s 
final equation can be written: 


T= B,aBia =5 ByqBig 


This can be expressed in terms of the direct and quadrature axis 
components of armature current (7d) and (zg), and the com- 
ponents of per unit excitation (Jae) and (Ig): (using the reac- 
tances as defined and Xe = armature leakage reactance). 

Bra = Ide — td (Xa'— Xi) 

Brq = Ige — 1g (Xq — Xi) 

Bia = — 19 

Big = — id 
Hence, 

T =iglae —idIge — idig (Xa — Xa) 
which is the equation from which equation (5) of the paper was 
derived. Park (reference 6 in bibliography) derives this same 
equation from consideration of the instantaneous power output 
with no change in stored magnetic energy. 

Another interesting variation of this fundamental relation may 
be obtained in terms of the per unit voltage back of sub-transient 
reactance on the two axes (Hq”) and (£,”): 

Bra = Eta + idX_ = Ea” — id (Xa" — Xi) 
Brq Etg + 19Xe = E," — iq (XQ" = xX) 
tq Ea" —id Ey” — idig (Xa" — X,’) 
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The Effect of Transient Voltage Protective 


Devices on Stresses in Power Transformers” 


BY K. K. PALUEFF} 


Member, A.I.E.E. 


T is well known that extreme high voltage stresses 
are developed in transformer windings when tran- 
sient voltages are applied to the transformer ter- 

minals. Thesestresses can bereduced by internal means— 
electrostatic shielding as is done in non-resonating 
transformers and was discussed in previous papers;}?3-4 
or by external means—changing the shape or the ampli- 
tude of the applied wave or both. The shape of the 
applied wave can be controlled by “wave modifiers,” 
while lightning arresters and gaps control primarily the 
amplitude of the applied wave. The effectiveness of 
these devices is discussed in the present paper. 


Once a traveling wave of any shape is formed on a 
transmission line, its future behavior at all points of the 
system can be calculated with engineering accuracy. 
Since theoretical and experimental studies have proved 
the effectiveness of ground wires in shielding of lines 
and stations from direct lightning strokes, only traveling 
waves are considered in this paper. 


Part I 


EFFECT OF TERMINAL WAVE SHAPE ON INTERNAL 
STRESSES 


Stresses produced in windings of power and distribu- 
tion transformers by operating frequency voltage are 
directly proportional to the amplitude of the applied 
voltage and the turn ratio factors. Stresses produced by 
short time transients are independent of the turn ratio, 
and depend on the amplitude and shape of the applied 
wave and whether it is a single impulse (lightning wave) 
or a train of waves (switching surge). Unless the trans- 
former winding has been made non-resonating by means 
of proper electrostatic shielding, it will undergo violent 
oscillations when a single wave of vertical front and of 
relatively long duration is applied. This oscillation is 
composed of some 11 space harmonics, each oscillating 
at its own frequency. 

The transient voltage between any 2 points in a trans- 
former is the algebraic sum of all the harmonic voltages. 
However, the 1st to 4th harmonics are chiefly respon- 
sible for the voltage to ground, the 4th to 7th harmonics 
for the voltage between adjacent coils and the 7th to 
1ith harmonics for the voltage between adjacent turns. 
At the moment of impact of a sheer front wave, all har- 


*This is the fifth of a series of papers under the general title, 
The Effect of Transient Voltages on Power Transformer Design. 

tPower Trans. Engg Dept., General Electric Co., Pittsfield, 
Mass. 

1. For references see bibliography. 

Presented at the swmmer convention of the A.I.E.E., Chicago, 
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monics are in phase at the line end of the winding, and 
elsewhere they are either in phase or in phase opposi- 
tion. Hence, coil and turn stresses are highest at the 
line end. 

There is a definite relation between the front and 
length of an applied impulse wave, and the resulting 
amplitudes of these harmonics. The reaction of a given 
transformer to a given wave can be determined with 
engineering accuracy when the ratio of the duration of 
the front and the tail of a wave to the period T of the 
fundamental (slowest) harmonic is known. It is useful 
therefore to express a wave in terms of this period which 
is referred to as the natural period of the transformer. 
For instance a 1.5/40 microsecond wave would be ex- 
pressed as 0.0075/0.20 T if JT’ = 200 microseconds 
(i.e., transformer natural frequency = 5,000 cycles) or 
as 0.03/0.80 T if T = 50 microseconds (natural fre- 
quency 20,000 cycles). 

Such a classification shows directly that one and the 
same wave produce essentially different stresses in 
transformers of widely different natural periods. 


Previous papers of this series have shown: 

(a) A wave with vertical front and tail and with a 
nearly flat top of length comparable with the natural 
period (0/1.0/0 T) produces practically maximum 
stresses throughout the transformer. 

(b) A wave like (a) but with about half the length 
(0/0.50/0 T) produces the same coil and turn insulation 
stresses as (a) but may result in considerably higher 
major insulation stresses near the neutral end. 

(c) A wave like (a) but with much shorter length 
produces the same major insulation stresses at the line 
end as (a) or (b), but much lower stresses elsewhere, 
and in some cases much higher coil and turn stresses. 

(d) A wave with vertical front and with an ex- 
ponential tail comparable in length with the natural 
period (0/1.0 T wave) produces maximum stresses be- 
tween coils and turns and almost maximum stresses in 
the entire major insulation. 

(e) With increasing length of a sheer front wave, the 
internal voltages to ground increase, approaching a 
maximum as shown in Fig. 1, curve 1. 

All harmonics with natural periods shorter than the 
front of the applied wave are practically eliminated. 
Sloping the wave front, therefore, reduces the voltage 
stresses between turns, coils, and in the major insula- 
tion. However, the stresses on the major insulation at 
the line end can not be reduced by a change in the shape 
of the wave of a given amplitude. The stresses produced 
in the major insulation by a sheer front wave can, — 
except at the line end, be reduced by making the wave 
much shorter than half the natural period T’. 
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The possible reduction of stresses by slanting of front 
and tail of a wave is given in the table below. Stresses 
produced by a wave with front and tail sufficiently 
slanted to produce uniform voltage distribution are 
compared with those produced by a wave with sheer 
front and long tail, both waves having the same 
amplitude. 
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Fig. 1—Comparison oF Maximum VOLTAGES PRODUCED BY 
Waves or DirrERENT LENGTH IN A TRANSFORMER. (100% 1s 
THE AMPLITUDE OF VOLTAGE PERMITTED BY STANDARD CooRrDI- 
NATION GaP) 


1, 2 transformer not protected 

3, 4 transformer protected by wave modifier 

5 transformer protected by thyrite lightning arrester 
6 ideal non-resonating transformer 

A without protection 

B_ protected by standard thyrite lightning arrester 


The wave modifier is designed to slope the front of a very long traveling 
wave to 1.27 microseconds 


TABLE I 


OOO OOOO 


Relative stresses in 
isolated neutral 


Relative stresses in 
grounded neutral 


transformer transformer 

Sheer front Long front Sheer Long front 
At line end wave wave wave wave 
Turn insulation........ We a rca es O01, 60: 02003 2a... Dhvorstorets 0.01 to 0.003 
Coil insulation......... i ee 0.05 to:0: 0302.2. s.1...4...005 to: 02030 
Major insulation....... 1 ence i>, ‘Mig eae De Sccereys it 
At other points 
Turn insulation........ Levens 0.07 t0:05 03025... Te howmta 0.07 to 0.03 
Coil insulation......... Ms. Net 0.30) to. 0.15) 222 5- Bs ister 0.30 to 0.15 
Major insulation....... fps 0680 40 020 ene ns Lah os 0.80 to 0.50 


To reduce turn, coil and major insulation stresses to 
values of the same order of magnitude as would exist 
if the voltage distribution along the winding were 
essentially uniform, the minimum length ¢, of the front 
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of the terminal wave of a given amplitude must be 
approximately as follows: 


For the reduction of turn stresses 
fe = 0.10 T to 0.20 T 

For the reduction of turn and coil stresses (Fig. 2) 
i = 040 7 


For the reduction of turn, coil and major insulation 
stresses (Fig. 1) 


tig 20 7 


EFFECT OF AMPLITUDE 


The distributed constants of a transformer do not 
change appreciably with amplitude of the voltage, and 
therefore the stresses produced by a wave of a given 
shape are directly proportional to its amplitude. 

The time lag of air gaps or station insulation allows 
steep waves to reach higher maximum amplitudes than 
indicated by their 60-cycle arcover. This effect, com- 
bined with those mentioned above, causes short waves 
to produce much higher stresses than do long waves. 
However, the shorter waves may or may not cause 
greater stresses in the major insulation of the rest of 
the winding, since the effects of an increase in maximum 
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Fig. 2—Repvuc- 
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Stresses Dur TO 
LENGTHENING OF 
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TERMINAL WAVE 


0 
100 90 80 70 60 50 40 30 20 
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possible amplitude permitted by time lag and shorter 
length of wave partially offset each other in this case. 
Hence, every transformer has its own critical wave 
length which produces the maximum stresses in major 
insulation, and this wave length depends upon the 
time lag characteristics of the voltage limiting devices 
and the natural period T of the transformer. 
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Part II 


EFFECTIVENESS OF PROTECTIVE DEVICES 


Protective devices can be divided into 8 classes, which 
have markedly different effects on internal transformer 
stresses: (1) air gaps, (2) lightning arresters and (8) 
wave modifiers. 

1. Air Gaps, (Rod Gaps, Arcing Rings, Sphere Gaps, etc.) 
These gaps are simple in construction, definite in 
action, and of low cost, but they permit power current 
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to follow the impulse sparkover. Their disadvantages 
are in giving a small margin of protection under that 
of high voltage bushings, if set at levels suggested as 
standard for coordination; in increasing the number of 
outages, if set for lower arcover values; and in chopping 
wave tails, thus creating higher coil and turn stresses. 

The rod gap is the most satisfactory of all air gaps for 
coordination, due to its simplicity, independence of 
dirt and wetting, and the similarity of its time lag 
characteristics with those of bushings and insulators. 
It should be looked upon as a last line of defense and 
used irrespective of protective devices. 

However, the high impulse ratio of the rod gap and 
arcing rings for steep waves makes them inferior to a 
sphere gap, which has unity impulse ratio. As the arc- 
over voltage of a wet sphere gap is only about 40 to 45 


per cent of the dry value, housing the gap is necessary’ 


for the best protection. Several small sphere gaps in 
series may be used, in which case their total volume is 
inversely proportional to the square of their number. 
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2. Lightning Arresters. Fig. 3 shows 0.5/5 and 1.5/40 
microsecond waves appearing across transformer termi- 
nals with and without protection by a standard thyrite 
lightning arrester. The arrester does not change the 
steepness of front or the duration of the tail of the wave, 
but only reduces the amplitude and the rate of fall of 
voltage, hence reducing the transformer stresses ap- 
proximately in proportion to the amplitude. A properly 
installed thyrite arrester will limit the maximum voltage 
on a transformer to 3.5 times the rated system line to 
ground voltage (crest) for grounded systems, or 4.3 
times for isolated systems. It will limit the transient 
voltage to these values irrespective of the shape or 
amplitude of the incident wave. The relative reduction 
in amplitude, therefore, depends on the maximum wave 
amplitude permitted by the transmission line insulation. 
Normal line insulation permits a 0.5/5 wave to reach 
9.5 times, a 1.5/40 wave 7 times, and much longer waves 
about 5.8 times the normal system line-to-ground 
voltage (crest). Thus the arrester would reduce the 
stresses due to these waves to 37, 50 and 60 per cent, 
respectively. 

A thyrite arrester gives much better protection than a 
rod gap, because its time lag is almost negligible, a much 
lower setting is possible without causing outages, and 
it avoids the sheer tail wave produced by the arcover 


TRANSFORMER 
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eat ig | 


& 
Fig. 4—Wave Mopirrer Circuits 


of a rod gap, the rate of fall of the tail of the wave being 
even less than that of the incident wave. A rod gap 
due to its time lag will allow a 0.5/5 wave to reach an 
amplitude about 64 per cent higher than the arrester 
allows. Also, a rod gap set to arcover at the same 
voltage for 0.5/5 or 1.5/40 waves as the arrester would 
cause outages from many switching surges. 

3. Wave Modifiers (Fig. 4). As has been shown 
above, a very substantial reduction of internal stresses 
in transformer windings can theoretically be accom- 
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plished by a proper modification of the shape of the 
incoming traveling wave without changing its ampli- 
tude. 

Sometimes wave modifiers are called wave absorbers. 
This is a misapplication of the term because all avail- 
able protective devices absorb a negligible fraction of 
the energy of waves. 

There are 5 degrees of protection that a wave modifier 
can be called upon to accomplish: 


150 x 106 
zc 
(RC) 
(25x 1078 
100 x 1078 
Fig. 5—ZC or RC Neczs- 
SARY TO ReEDucE TuRN, 
75x 1076 Com, AND Magor Insuua- 
TION STRESSES APPROXI- 
MATELY TO SAME VALUES AS 
89 x106 Resutt From UNIFORM 
DiIsTRIBUTION 
1, For reduction of turn stresses. 
25 x 1076 i — 0.27 


2. For reduction of turn and coil 
stresses. fg = 0.4T 

3. For reduction of turn, coil, 
and major insulation stresses 
tg = 1.2T 


0 } 
NATURAL PERIOD T IN LS 


1. To slant the front of the wave to such an extent 
that the coordination gap will arc over at not less than 
1 or 2 microseconds, which reduces the possible maxi- 
mum amplitude and thereby reduces turn, coil, and 
major insulation stresses at the line end. 

2. To reduce the turnstresses throughout the winding. 

3. To reduce coil stresses throughout the winding. 

4, To reduce major insulation stresses throughout the 
winding. 

5. To reduce the amplitude of an incoming wave be- 
low the arcover value of a coordination gap or of line 
insulation at the station. 

A minimum modification is required to accomplish 
the first, second and third degrees of protection. Maxi- 
mum modification is required to secure the fifth degree. 

From part I it follows that before a wave modifier 
can be designed it is necessary to know not only the 
rating but also the natural period T of the transformer, 
or at least its maximum limit. Of course, a wave modi- 
fier designed for the longest natural period is perfectly 
satisfactory for transformers with shorter natural 
period but it is unnecessarily expensive. 

Only the simplest of the very large number of possible 
wave modifying circuits are discussed here (Fig. 4). 


Shunt Capacitance C Connected Between Line of Surge 
Impedance Z and Ground (Fig. 4A) 


This combination slants the vertical front of a long 
wave proportional to ZC. 
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The first degree of protection requires a capacitance 
of about 0.008 microfarads for a transmission line of 
500 ohms surge impedance, assuming an impulse 
strength of transmission lines and rod gaps as originally 
published by Peek and in the recent paper on Co- 
ordination of Insulation* by Messrs. Montsinger, Lloyd 
and Clem. : 

Values of ZC to obtain the 2nd, 3rd and 4th degree of 
protection are given in Fig. 5, curves 1, 2 and 3, as 
functions of the natural period of the protected trans- 
former. 

To obtain the 5th degree a much larger value of 
capacitance may in general be required, except for very 
short waves (curve Cj, Fig. 6). (These calculations were 
made on the basis that the amplitude E of the traveling 
wave is just below the value necessary to cause arcover 
of the average transmission line insulation.) If values of 
capacitance smaller than indicated by curve C,, Fig. 6 
are used, the coordination gap or line insulation near 
the station may are over. This produces a sheer tail 
wave, which sets up high local stresses throughout the 
transformer windings of the same order of magnitude 
as those produced by a sheer front wave of the same 
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Fig. 6—CapaciTaNnce REQUIRED TO REDUCE AMPLITUDES OF 
TRAVELING WAVES 


C, to prevent arcover of line insulation 
C2 all waves reduced to 60 per cent of their crest 
C3 all waves reduced to 50 per cent of their crest 
t2 time to reach crest when Cz is used 


amplitude. Thus the advantages gained by slanting 
of the front are nullified. 

A shunt capacitor may materially amplify internal 
voltages by entering into oscillation with the line in the 
case of the arcover of the latter. (Fig. 15,curvesland3.) 


Lightning Arrester and Shunt Capacitor 


It appears that this arrangement is the most satis- 
factory of all wave modifiers reviewed in this paper. 


*A T.E.E. Trans., June 1933. 
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The front of the wave is slanted to the desired value by 
the capacitor and the surge impedance of the line. Its 
amplitude is limited to a predetermined value by the 
lightning arrester. The discharge of the capacitor 
through the arrester prevents a sheer tail wave from 
being impressed upon the transformer. 

The combination of the arrester and the capacitor 
forms a non-resonating circuit. Oscillatory waves 
caused by an arcover of the line at any distance from the 
station are so modified in shape and amplitude that the 
hazard from them is reduced (Fig. 7). 
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Fig. 7—Errect or Tuyrite Lightning ARRESTER ON TRANS- 
MISSION LINE OSCILLATIONS CAUSED By Linz ARCOVER 


Insulation at T—11 arcing over 
Waves measured at T—14 


In these two important respects this arrangement is 
far more satisfactory than a shunt capacitor. 


Series Inductance with Shunt Capacitor (Fig. 4B) 

A series inductance is an unsatisfactory means of 
protection for the following reasons: 

As has been shown in previous papers,!?!4 a series 
inductance coil and the electrostatic capacitance of a 
transformer form an oscillating circuit capable of sub- 
stantially increasing the voltage throughout the trans- 
former winding as well as at its terminals. The use of 
choke coils has been abandoned on this account. To 
eliminate this danger the natural frequency of this cir- 
cuit must be made of the order of 2,000 cycles or less. As 
the capacitance of an ordinary transformer is of the 
order of 0.0001 to 0.0004 microfarads the necessary 
inductance must be at least 15.6 henrys. This is pro- 
hibitive from the standpoint of the reactance it offers 
to operating frequency current. The permissible value 
ranges between 0.1000 and 0.0005 henrys for power 
transformers, depending on the transformer rating. 
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If the inductance is limited to these values an external 
capacitor of at least 0.25 microfarads must be used, 
which is quite prohibitive except for low voltage circuits. 


Series Inductance Shunted with Resistance Combined with 
Capacitor Connected Between Transformer Terminal 
and Ground (Fig. 4C) 

The sheer tail waves that may be produced with a 
shunt capacitor can be eliminated by a series resistance 
R (Fig. 4c). To reduce the voltage drop across such a 
resistance at operating frequency, a suitable inductance 
L must be placed in shunt with the resistance. To make 
the circuit non-resonating, this inductance must be 
equal to at least 4R?C. Neglecting the effect of the surge 
impedance of the line, such a circuit would slant the 
wave proportionally to 4RC but increase the terminal 
voltage about 13 per cent. It follows that the larger is 
the resistance R, the smaller is the required capacitance, 
but the larger must be the inductance, which, as is 
shown by the equation L = 4R°C, varies as the second 
power of the resistance. 

The choice of the degree of slanting of the front 
determines RC. The maximum value of inductance is 
limited by the permissible increase in the reactance to 
operating frequency current. Assuming that 10 per 
cent of the transformer short-circuit inductance is the 
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RC, L required for reduction of major insulation stresses (curve 4, Fig. 1) 
R2C2L2 required for reduction of coil insulation stresses (curve 3, Fig. 2) 
I—Line voltage 138 kv, natural period 100yus 
II—Rating 10,000 kva, natural period 100 ys 
IlI—Rating 10,000 kva, line voltage 138 kv 


limit for the protective inductance, its kilovoltampere 
rating would range from approximately 0.5 to 1.5 per 
cent of the transformer capacity of the station. This 
means that it may be quite large in size in case a large 
transformer installation is to be protected. Its range, 
measured in henrys, is from 0.005 to 0.1000. 

Thus with RC and L determined as above, the value 
of R and C can be found from the relation L = 4R(RC). 
Values of R and C necessary to protect transformers of 
different rating vary, of course, over a wide range, 
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Fig. 8 shows the relation between L, R and C of a modi- 
fier and the natural period, kilovoltampere and operat- 
ing voltage of transformers. 

In the above method of determination of L, R and C, 
the surge impedance of the line was completely neg- 
lected. This is believed to be a justified conservatism 
as the effective value of the surge impedance is often 
not known and also because in the case of transmission 
line oscillation its beneficial effect is not sufficient. 
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In case it is desired to place dependence on the surge 
impedance Z of the line the procedure for determination 
of L, R, and C is modified. First the value of C is 
determined from the product of CZ which in itself is 
determined by the degree of protection desired: L, as 
before, is determined by consideration of the reactance 
it offers to power current. To make the modifier itself 
non-resonating, R is calculated from the equation 
L =A4R’C. The calculation shows that if the surge 
impedance can be depended upon smaller values of C 
and L can be used without an appreciable change in R. 
(See Fig. 9.) Thus less expensive wave modifiers may 
serve the required purpose. 

Current limiting reactors in series with incoming 
lines may be made a part of a wave modifier. In sucha 
case they must be shunted with the proper resistance 
and a suitable capacitor must be connected between 
transformer terminal and ground. 


Protective “Transformers” (Figs. 4D and 4E) 


Instead of placing resistance in shunt with the in- 
ductance as was done in the previous type of modifier, 
the inductance and the resistance can be replaced by a 
transformer with its secondary winding closed through 
a resistance. The tank of the inductance coil can be 
made to serve as such a closed-circuit secondary 
winding.?23.14 The equivalent circuit of such a 
“transformer” with the capacitor C is shown in Fig. 48. 
Such an arrangement may be made to produce results 
similar to the previous type, but it is more difficult to 
make its action non-oscillatory due to the presence of 
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L, and L, (Fig. 11, curves 1 and 4). In addition to the 
resistances and inductance the protective “transformer” 
has inherent capacitance C; between the high voltage 
winding and the grounded tank. This capacitance is 
not shown in Fig. 4&. In oil-immersed units it is of the 
same order of magnitude as that of a power transformer 
(of the order of 0.0001 to 0.0004 microfarads) and there- 
fore impotent to render protection. 

Extensive tests were made on such a device designed 
for a 22-kv circuit. Due to the relatively low circuit 
voltage, this device had solid insulation. As stated by 
the manufacturer, dependence was placed entirely upon 
the inherent capacitance, eddy losses, and the in- 
ductance of the coil inclosed in a specially designed 
grounded metal casing. The casing was so designed as 
to give the maximum possible capacitance (measured 
value found to be approximately 0.0034 microfarads) 
between the winding and the casing and the maximum 
eddy loss. Figs. 11 to 15 inclusive give some of the 
results of this study which confirm the theoretical 
conclusions. 

Analysis indicates that it would be quite out of the 
question to obtain any material benefit from such a 
“transformer” if the additional capacitor C were not 
used, because inherent constants of the protective 


. “transformer” (indicated by (A), Figs. 11 to 15 inclu- 


sive) attainable in practise are such that it forms an 
oscillatory circuit with the transformer to which it is 
connected. Such a device would have the undesirable 
features of an inductance coil, 7.e., the stresses at the 
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line end (Fig. 11, curve 4; Fig. 148) and throughout the 
transformer (curves 4 of Figs. 12 and 13; Fig. 14B) 
may appreciably be increased when a unidirectional or 
an oscillatory surge is applied. 

Arcover of the line or of the bushing of the device 
may cause stresses (especially between turns and coils) 
at least of the same order as if the device were not 
present (curves 5, Fig. 13). In the case of line arcover 
at a distance from the station, the line is set into oscil- 
lation and the internal stresses may be amplified ap- 


960 


preciably by such a “transformer” as shown by com- 
parison of curves 1 and 2 of Fig. 15. Unless the waves 
are extremely short, the internal voltages to ground 
would not be reduced by such a modifier (curves 1 and 
3, Fig. 12), but may be increased in case the line surge 
impedance is insufficient (curves 4 of Figs. 12 and 14). 
On account of these phenomena it would be quite 
impossible and often misleading to judge the overall 
protective value of such a device by its reduction of 
coil or turn stresses at the line end of a transformer. 
The combination of the line surge impedance, the in- 
ductance of the protective “transformer,” its ground 
capacitance C; and ground capacitance C; of the trans- 
former may form a non-oscillatory circuit for a single 
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Rating of transformer—60 cycles—333 kva—36,300 volts 

Natural period of transformer approximately 120 ys 

Curves shown are traced from oscillograms 

Numbers on curves correspond to connection diagrams 

Z = resistance of 360 ohms representing the surge impedance of a trans- 
mission line 

A = protective ‘‘transformer”’ 

T = transformer under test 

Same notations are used in Figs. 12, 13 and 15 


unidirectional impulse. The sheer front of an incoming 
traveling wave will be slanted then at the transformer 
terminal to approximately t2 = 3Z (C; + C,)10* micro- 
seconds compared to tz = 3ZC,10® microseconds when 
the protective “transformer” is not used. Thus if 
C; = C, = 0.0008 microfarads and Z = 500 ohms, 

= 0.45 microseconds without the device or 0.90 
microseconds with the device. The effect upon the 
transformer of this small increase in slanting of the 
wave front is negligible. This, however, is the only 
possible beneficial effect that could be expected from 


such a protective transformer, as it can not reduce the’ 


amplitude of a flat top wave longer than 0.90 micro- 
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seconds. If C; is increased even ten-fold by the substi- 
tution of oil with solid insulation then the front will be 
slanted only to some 5 microseconds. Such a front 
reduces appreciably stresses between turns and coils 
near the line end of transformers with short natural 
period, and very little in transformers with long natural 
period: (curves 1 and 8 of Fig. 13 I and IT). 


LONG NATURAL| e, SHORT NATURAL 
Wa PERIOD 
a Be 


PERIOD 


|e 
ca 
‘| 


100 80 60 40 20 0O 
PER CENT WINDING PER CENT WINDING 
FROM GROUND FROM GROUND 


Fig. 12—EnvELoPEs oF Maximum VOLTAGE TO GROUND 
TuroucHouT TRANSFORMERS RATED 


Natural period ap- 


VOLTAGE TO GROUND IN PER CENT OF & 


100 80 60 40 20 0O 


I—60 cycles, 333 kva—36,300 volts—2,300 volts. 
proximately 120 us 
II—60 cycles, 8,000 kva—36,300 volts—12,100 volts. 
approximately 29 us 
Unidirectional impulse applied 
Numbers on curves correspond to connection diagram 


Natural period 


IMPULSE VOLTAGE PER COIL 


ACTUAL 
IDEAL 


40 20 0 


100 80 60 
PER CENT WINDING 
FROM GROUND 


100 80 60 40 20 0O 
PER CENT WINDING 
FROM GROUND 


Fig. 13—Maximum Voutace Across Corns or TRANSFORMERS 
Ratep 


I—60 cycles—333 kva—36,300 volts—2,300 volts. 
proximately 120 us 
II—60 cycles—8,000 kva—36,300 volts—12,100 volts. 
approximately 29 us 
Capacitor C = 0.0034 yf equal to inherent impulse capacitance 
C; of protective transformer A, Unidirectional impulse applied. Num- 
bers on curves correspond to connection diagrams 


Natural period ap- 


Natural period 


Analysis shows that better protection, although still 
too small to be of practical importance, is secured where 
such a device is replaced by a capacitor (connected 
between line and ground), the capacitance of which is 
made equal to the inherent ground capacitance C; of 
the device. Test results substantiate this conclusion 
(curves 1 and 2 of Figs. 12, II and 18, II). 
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Part III 


DESIGN CONSIDERATIONS 


As has been shown, the analytical solution of the 
above wave modifiers for any transformer of known 
transient voltage characteristics can be determined 
without much difficulty. It is more difficult, and in 
most cases impossible, to make a practical design of a 
modifier that can compare, from an economical stand- 


Fig. 14—Vouttrages MEASURED FROM VARIOUS POINTS OF THE 
TRANSFORMER WINDING TO GROUND 


(Left) Transformer directly connected to impulse generator 

(Right) Protective transformer connected between transformer and 
impulse generator 

Transformer neutral grounded. Rating of transformer—60 cycles—8,000 
kva—36,000 Y volts—12,100 volts. Natural period approximately 29 
microseconds 

Numbers on oscillograms give distance of point from neutral in per cent 
of the total length of the winding. 100 per cent is transformer line terminal. 
Abscissa gives time in microseconds. Note the amplification of one of the 
transformer harmonics by the protective transformer 


point, with the internal means of obtaining the necessary 
security from transient voltage hazards. As a modifier 
is an auxiliary equipment, its safety factor must be 
made greater than that of the protected apparatus. 

Resistance. This part of the device presents no practi- 
eal difficulty in most cases. 

Capacitance. The range in capacitance required for 
transformers above 3,000 kva and 66 kv is as follows: 

For the protection of coil insulation from 1.4 to 0.001 
microfarads. 

For the protection of major insulation from 12 to 
0.008 microfarads. 

The most economical capacitor available at present is 
of the pyranol filled, hermetically sealed type used for 
power factor correction. Fig. 16 was prepared to give 
an idea of the physical size of such a capacitor. This 
figure gives the volume only of the active material of a 
capacitor. The overall volume perhaps would be twice 
as large. 
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The volume of a capacitor with insulation such as is 
used in transformers and oil immersed reactors would be 
about 150 times greater than that of the pyranol 
capacitors. This means, for example, that the volume 
of actual insulation (between plates) of the smallest 
capacitor that could be used for the protection of the 
major insulation of a 230-kv transformer is 1,250,000 
cu in. (108 by 108 by 108 inches) which is equal to the 
volume of a 230-kv transformer of about 5,000 kva 
capacity. 

These figures are perhaps the best answer to the ques- 
tion of whether it is possible to secure the necessary 
capacitance in a modifier by means of the inherent 
capacitance C; of an inductance coil to its tank and 
ground shield (a.metal cylinder placed inside the coil 
and connected to the tank). Calculations show that the 
maximum capacitance of a practical size oil-immersed 
coil to its tank and ground shield is of about the same 
order of magnitude as that of an ordinary transformer 
winding to ground (0.0001 to 0.0004 microfarads). 


VOLTAGE TO GROUND IN PER CENT 
OF APPLIED VOLTAGE Ej 


100 90 80 70 


60 50 40 30 20 10 O 
PER CENT WINDING FROM GROUND END 


Fig. 15—AMPLIFICATION OF STRESSES IN TRANSFORMERS BY 
IMPROPERLY DesiagNeD MopiIFiErs IN Case OF OSCILLATIONS 
CAUSED BY ARCOVER OF THE TRANSMISSION LINE 


Transformer rated 60 cycles—8,000 kva—36,300 Y volts—12,100 volts. 
Natural period approximately 29 microseconds 

Unidirectional impulse applied over transmission line (T.L.) of 2 miles in 
length. Sphere gap located 600 ft from transformer and set to are after 
the wave is reflected from the transformer terminal. Note the substantial 
increase in voltage due to the presence of the protective transformer (curve 
2) and the capacitor (curve 3) 

Numbers on curves correspond to connection diagrams 


Inductance Coil. The design of the inductance coil 
for a wave modifier must, of course, comply with the 
established practise for high voltage windings used in 
power circuits. This means that the coil should be able 
to withstand forces and heating under short circuit, and 
transient voltage stresses limited only by the arcover 
of the coordination gap or of the bushing of the modifier. 
Its losses due to the flow of the normal load current 
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must be only a small fraction of the transformer “load 
loss.” 

Consequently, the inductance coil can be looked upon 
as a part of the line end of the transformer winding 
placed outside of the transformer proper, and therefore 
it presents to a designer essentially the same group of 
problems as does a transformer winding. From an 
engineering standpoint, therefore, it is rather question- 
able whether the overall safety factor of the inductance 
coil of a wave modifier, together with the transformer, 
can be made greater than that of the transformer alone. 
Thus such a modifier in the best case, shifts merely the 
high transient voltage stresses from the transformer 
winding to the modifier winding. 


x1iot3 
160 


OPERATING 
LINE VOLTAGE 
INK 


VOLUME IN CUBIC INCHES 


CIN pF 
Fie. 16—Approximate Minimum VoLuME oF CAPACITORS FOR 
Various Ling VoLtTaGE 


Scale for volume applies to capacitors when used in systems with 
grounded neutral. When capacitors are used in systems withfisolated neu- 
tral, multiply values by 1.51 


CONCLUSIONS 


1. The internal stresses in ordinary transformer wind- 
ings are very severe because of the high amplitude of 
lightning voltages on transmission lines and of the 
extremely non-uniform distribution of this voltage 
throughout the winding. 

2. Practically these stresses, except those from wind- 
ing to ground at the line end, can be reduced to a far 
greater extent by making the voltage distribution 
throughout the winding uniform, than by reduction of 
the amplitude of the applied voltage. This is particu- 
larly so for turn and coil stresses. (See Table I.) How- 
ever, the reduction in the amplitude of transient volt- 
ages below those found on transmission lines is very 
important and desirable for all transformers. It is 
imperative for most transformers, built before the 
principle of coordination was generally accepted. 
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3. Gaps. Coordination rod gaps establish an impulse 
voltage level as a basis for design and testing. Trans- 
former strength must be above that level while maxi- 
mum voltage permitted by a protective device must be 
below it. Such a gap when installed near transformers 
reduces the maximum voltage some 10 or even 20 per 
cent below that permitted by an average station 
insulation. 

Although a rod gap has serious limitations as a pro- 
tective device, it should be looked upon as the last line 
of defense for transformers and station, and used 
irrespective of the presence of protective means. 

4. Lightning Arresters. To secure an added safety 
factor of protection over that given by a standard 
setting of the coordination gap, and at the same time 
eliminate outages at the station, the standard lightning 
arrester is the best solution for the following reasons: 

(a) It reduces stresses to from 30 to 75 per cent of 
those permitted by the standard coordination gaps, 
depending upon wave shape and whether the system is 
grounded or isolated. The steeper and shorter the 
wave, the greater the relative reduction by the arrester 
as its impulse ratio is practically unity. 

(b) It prevents outages at the station. 

(c) The choice of its constants and transient voltage 
characteristics is independent of ane natural pera of 
the transformers. 

(d) The simplicity of its function permits the neces- 
sary sturdiness of construction and assures positiveness 
of action. 

(e) A rod gap set to give the same protection Sonne 
0.5/5 or 1.5/40 waves, as given by the thyrite arrester 
for grounded systems, would cause outages from ety 
switching surges. 

(f) It carries no operating frequency current. This 
is advantageous for two reasons: (1) The design is not 
complicated by the consideration of short-circuit 
stresses, normal and short-circuit heating, losses, re- 
actance, etc., that are present in the design of series 
protective devices. (2) It does not add loss or reactance 
to the system. hee 


5. Voltage Distribution Control. 


(a) Essentially uniform voltage stresses within trans- 
former windings theoretically speaking, can be secured 
either by external devices modifying the applied wave 
so that its front and tail are sufficiently slanted, or. by 
proper electrostatic shielding of the windings, which 
eliminates the cause of non-uniform voltage distribution. 

(b) External Means. The wave modifiers may consist 
of resistance, capacitance and inductance (Fig. 4C) or 
of capacitance in shunt with a lightning arrester. 

The constants of the ‘‘modifier’”’ must be such that 
voltage at the transformer terminal is non-oscillatory 
when an impulse is applied directly to the modifier 
without intervening transmission lines. 

To obtain the desired reduction in stresses, the length 
of the front wave produced at the transformer terminal 
by a sheer front wave applied to the modifier, must bear 
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a definite relation to the length of the natural period of 
the transformer. 

In a properly designed modifier (Fig. 4D) the neces- 
sary values of constants are such that they can not be 
secured inherently in a specially designed oil immersed 
reactance coil without making it of utterly impractical 
dimensions. 

Tests and analytical studies show that the capaci- 
tance to ground C; of such a modifier (in combination 
with the surge impedance of the transmission line) is 
its only beneficial feature. The effect of its high fre- 
quency resistance is not sufficient to prevent resonance 
between the modifier and the transformer. For these 
reasons better and more positive results are obtained 
with a plain capacitor of the same capacitance C;, 
connected between the line and ground. With constants 
that can be secured in such a coil in practise, the device 
is either useless or harmful. (Curves 1, 4 and 5, Figs. 
12 and 13.) 

In a modifier of the type shown by Fig. 4c, the in- 
ductance coil presents the same design problems as 
does a transformer winding, and the capacitor becomes 
quite large in size, even in the case of the most effective 
use of its insulation, as is accomplished in pyranol 
capacitors. (Fig. 16.) 

Even an improperly designed modifier may appreci- 
ably reduce stresses between turns and coils at the line 
end of the winding under certain favorable conditions, 
due to the effect of the surge impedance of the trans- 
mission line. However, at the same time it may 
materially increase turn, coil, and major insulation 
stresses in other parts of the winding as has been shown. 
On this account the reduction of stresses obtained at 
the line end can not serve as the criterion of the overall 
protective value of such a modifier. 

The most practicable solution, in the case of an ordi- 
nary transformer where it is desired to use a wave modi- 
‘fier, is offered by a capacitor in shunt with a lightning 
arrester, because this type of modifier not only slants 
the wave but also materially reduces its amplitude. 
The size of the capacitor depends on the degree of 
protection desired. 

(c) Internal Means. A radical reduction of turn and 
coil stresses at the line end of a winding can be obtained 
much more economically by means of a small electro- 
static shield, internal to the transformer, than by any 
external device. 

Electrostatic capacitance of a non-resonating trans- 
former is many times that of an ordinary transformer 
and is of the order of 0.001 to 0.004 microfarads. The 
combined effect of the surge impedance of the line and 
of this capacitance slants a sheer wave front to 1.5 and 
6.0 microseconds, respectively. It therefore reduces 
the crest voltage of exceedingly short waves, particu- 
larly where several transformer banks are installed. 

A wave modifier that does not radically reduce the 
amplitude of an incoming surge, but produces essen- 
tially uniform voltage distribution throughout a trans- 
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former winding, is impracticable in comparison with 
non-resonating transformers for the following reasons: 
It requires for each phase two bushings, a capacitor, 
reactor, resistor, tank and oil. It also requires a special 
mechanical support or foundation, and extra space in 
the station; while in a non-resonating transformer the 
uniform distribution is obtained by a simple electro- 
static shield internal to the transformer. 


In an ordinary transformer protected even with a 
proper wave modifier the voltage distribution depends 
on the amplitude, length and shape of the incoming 
surge and whether it is unidirectional or oscillatory. 
The voltage distribution in a non-resonating transformer 
is independent of these factors. 


Where it is desired to employ an external protective 
device for the protection of either an ordinary or a 
non-resonating transformer, a properly designed light- 
ning arrester is superior to the best wave modifier. 


Minimum internal voltage stresses are secured where 
a transformer, designed to give uniform voltage distri- 
bution, for waves of all shapes, is protected with a 
properly designed arrester. Such an installation is the 
most practical and reliable. 


The authors gratefully acknowledge the value of the 
criticism given by their colleagues, Messrs. P. L. Alger, 
A. N. Garin and W. A. McMorris during the preparation 
of the paper. 
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Discussion 


K. B. McEachron: Although the. authors discuss the use of 
various protective schemes as related to power transformers, 
this discussion presents some data concerning the operation of 
some of the devices mentioned when applied to distribution 
transformers. , 

One phase of the subject which should be generally appreciated, 
but apparently is not, is given in the following. It is commonly 
supposed that the only method that does not involve structural 
changes in the transformer itself is to decrease the steepness of 
the wave front, by the use of some sort of wave modifier. A 
little consideration will show that reduction of amplitude may 
accomplish the same purpose. To illustrate, if the amplitude is 
reduced to zero, obviously the turn stresses will be zero, similarly 
the rate of rise also will be zero. 

To illustrate this feature of arrester protection consider some 
tests made recently in Pittsfield in which the protective trans- 
former of the type described by Messrs. Palueff and Hagenguth 
was employed. Two of these devices designed for internal 
mounting in a distribution transformer rated 10 kva, 2,300/4,000 
Y volts 60 cycles were tested. 

With a line of 500 ohms surge impedance and a 25-kv traveling 
wave of sheer front the potential measured across 5 per cent of the 
winding from the line end was twice as high with the wave 
modifier as it was with a standard intershunt thyrite arrester. 
The potential with the modifier was found to be the same as 
when a 0.001-uf capacitor was connected between the trans- 
former terminal and ground. 

With 1,200 ft of distribution circuit connected between the 
impulse generator and the test, and a 50-kv traveling wave with 
sheer front, the potential across 5 per cent of the transformer 
winding on the line end was 26 kv with the wave modifier, 17 kv 
with a 0.002-uf capacitor, 8.2 kv with the thyrite intershunt 
arrester and 16 kv with a pellet arrester plus a 50-ohm ground 
resistance. 

In general where the ratio between the impulse strength of 
the line insulation and the arrester potential is as great as in 
the ease of distribution voltage apparatus the arrester not only 
reduces the stress in the major insulation to ground but also 
will reduce the stress between turns and sections, compared to 
that which would have been present without the arrester or 
with the use of the modifier tested. 

V. M. Montsinger: The writer emphasizes one point men- 
tioned but not discussed to any great extent in the paper, that 
is the question of protection of the wave modifiers against light- 
ning; also, the question of the proper insulation level for a pro- 
tective device of this kind. 

Some of the sketches given in Fig. 4 show inductive elements 
or windings similar to transformer windings. It is obvious that 
such a winding having turns insulated similar to a transformer 
presents a problem in protecting these turns against lightning 
quite similar to the problem of protecting transformer windings. 
It was shown in a recent paper! that the margin of safety in a 
transformer winding decreases as the impulse wave becomes 
steeper when the impulse voltage is limited by either line insula- 
tion or by arod gap. The same thing is true for the winding in a 
wave modifier. The claim may be made that these modifiers slope 
the wave front and thereby protect themselves. This is not possi- 
ble because only the wave leaving the modifier is affected by its 


1. Coordination of Insulation, by V. M. Montsinger, W. L. Lloyd, Jr. and 
J. E. Clem, A.I.E.B. Trans., June 1933, p. 417. 
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capacitance. Therefore, the problem of protecting against all 
lightning waves is quite similar. Unless these modifiers have a 
substantial higher level of insulation than the transformer being 
protected it is a case of where the protecting device requires the 
same degree of protection as the apparatus it is protecting. 

It has been common practice to insulate and test protective 
devices for a higher insulation level than the apparatus being 
protected. It is logical therefore that these wave modifiers 
should be given a higher impulse test than a transformer of the 
same voltage rating. 

E. T. Norris: The greater part of the paper is devoted to the 
condemnation of ‘‘wave modifiers’’—a term which may be pre- 
sumed from the technical references and from the description of 
actual tests in the body of the paper, to mean in particular the 
Ferranti surge absorber. The authors object to the term ‘‘ab- 
sorber’’ on the ground that it does not absorb energy. Without 
debating the technical accuracy of this statement, it must be 
pointed out that the word “‘absorb’’ has no essential connection 
with energy. 

The surge absorber is a device connected in the line so that a 
surge or traveling wave must pass through it before reaching 
station apparatus. In the process the device absorbs the venom 
and deadliness of the surge as regards damage to station appara- 
tus, and therefore, is appropriately termed ‘‘surge absorber.”’ 


INSULATOR OR BUSHING: FLASHOVER 


INSULATION BREAKDOWN 
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Fig. 1—Errecr or NuMBER OF SURGES ON INSULATOR 
FLASHOVER AND Sorip INSULATION BREAKDOWN 


It is not claimed that surge absorbers greatly reduce the ampli- 
tude of a surge under all conditions. Much stress has been laid 
on the control and reduction of the amplitude of a surge in the 
effort to obtain adequate protection of apparatus and to prevent 
interruptions to the supply. This assumption that decrease 
in the amplitude of a surge is necessary to secure protection is 
not supported by operating experience, and does not bear exami- 
nation by analysis of technical characteristics. 

Operating experience the world over shows that damage due 
to the breakdown of the main insulation of transformers is 
extremely rare. This can only be explained on the basis that the 
surge dielectric strength is such that it will withstand a large 
number of the most severe surges permitted by standard line 
insulators. 

While the stresses between live parts of electrical apparatus 
and ground are definitely limited by the amplitude of the surge, 
which in turn is limited to safe values by the line insulation, the 
voltage gradients or stresses between turns of parts of the windings 
of inductive apparatus may reach thousands of times normal 
values. Since breakdown of solid insulation, such as interturn 
insulation, depends upon the number of surges, as shown in Fig. 
1, it would be expected that in service the rate of complete failure 
of transformers due to lightning would be greater for the older 
transformers. This has been confirmed often by operating ex- 
perience. The rate of burnouts reproduced in Fig. 2 from the 
A.I.E.E. Transactions, Volume 51, page 256, illustrates this 
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fatality rate. The death rate of any apparatus subject to wear 
and tear varies with age in a similar manner. 

It is well known that a choke coil of very large inductance 
connected in series with the line may materially flatten the wave 
front of an incoming surge. It also is established that a con- 
denser connected between the line and ground may give excellent 
protection. The serious objection to both of these items is that 
they are likely to enter into combination with capacity or in- 
ductance in the adjacent circuit, such as a transformer bushing, 
or a short length of line, and form a local oscillatory circuit. If 
the incoming surge happens to be of the same equivalent fre- 
quency as this oscillatory circuit, excess voltages will be produced, 
which will make the effect of the protective inductance or ca- 
pacity worse than if it had been omitted altogether. The surge 
absorber may be looked upon as including the advantages of a 
large inductance and capacity. The disadvantages are obviated 
by making the combination aperiodic through the inclusion of a 
large loss or resistance component. This loss component con- 
sists of the secondary winding or dissipator of the absorber which 
is the seat of eddy current and resistance losses. Analysis of a 
wide range of oscillograph studies has failed to show any evidence 
of resonance under any conditions encountered under normal 
operation. 
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Fig. 2—ReE uation or AGE oF TRANSFORMERS AND BurN-OvuT 
Due to LIGHTNING 


The percentage absorption of the absorber is consistently high 
for surges of all magnitudes and wave forms, whereas the per- 
centage absorption of a choke coil varies periodically from posi- 
tive to negative values showing that the choke coil may even do 
more harm than good, depending upon the type and magnitude 
of the surge and the oscillation characteristics just described. 

The wide variation in the natural causes of surges makes it 
difficult to determine the reduction in stress due to protective 
apparatus in any particular case, with the result that positive 
evidence as to the effectiveness of any device is extremely difficult 
to obtain and requires many years of operating service. A single 
report of a particular installation that no trouble has been 
experienced since surge absorbers were installed, is unimportant 
evidence, but the large number of such reports that have already 
been received from all parts of the world and under all kinds of 
operating conditions, become very positive and definite evidence 
indeed. 

Any protective device or lightning arrester which after years 
of operation still has to depend upon calculations and experimen- 
tal data for evidence of its effectiveness, should be regarded with 
suspicion. The proofs given by operating experience of the satis- 
factory operation of absorbers, are that in each case before the 
absorbers were installed considerable trouble from lightning surges 
was experienced, whereas after the installation the troubles 
ceased. In many such eases surge absorbers have replaced dis- 


EFFECT OF TRANSIENT VOLTAGE PROTECTIVE DEVICES 


965 


charge type arresters. The only instances on record of a surge 
absorber apparently failing to protect, have been causes of mis- 
application. No instance has been recorded of failure of surge 
absorbers to give complete protection within their sphere of 
action. 

A further indication of the satisfactory operation of absorbers 
has been the large proportion of repeat orders. In many cases a 
supply company will place its first order as a trial installation, 
and wait for a year or so of operating experience before deciding 
whether or not to install more absorbers. A recent analysis of 
all surge absorber users with operating experience of one year or 
more (that is, one lightning season) shows that 67 per cent 
already have placed repeat orders. Many of these users were, 
however, private concerns or manufacturers taking electricity 
from a supply company, and therefore having no occasion to 
place repeat orders. Restriction of the analyses to power supply 
systems and distribution companies who probably are all in a 
position to extend absorber installations, shows that in 78 per 
cent of these cases repeat orders for absorbers have been placed. 

These figures are a practical proof of the satisfactory operation 
of surge absorbers, and contrast strongly with operating experi- 
ence with lightning arresters as shown by the following extract 
from Electrical Engineering for June, 1933, page 394. Seventeen 
operating companies representing approximately 34 per cent 
based upon output of the electric power industry in the United 
States, reported on their experience with lightning arresters. Of 
these 17 companies, ‘‘10 express considerable dissatisfaction with 
present day arresters, 9 state that the arresters have insufficient 
protective ability to reduce over-voltages below insulation levels, 
as indicated by equipment failures.’’ The paper is confined to the 
effect of protective devices on transformer stresses. 

Operating experience has shown clearly that the surge absorber 
is very effective in preventing the blowing of high tension fuses. 
due to lightning surges. 

Claims for the operation and effectiveness of the surge absorber 
have hitherto been confined to the protection of transformers and 
other inductive apparatus from breakdowns between turns and 
coils due to the steep wave front characteristics of a lightning: 
surge. Shortly after the first absorbers were put into. operation, 
operating reports were received indicating greatly improved line 
operation since the installation of the absorbers. These reports 
were at first put down to coincidence, but they continued to 
arrive in increasing numbers, and are now sufficient to rule out 
coincidence or chance, and to indicate that the absorber has 
important effects in this connection. It is now established that 
surge absorber installations greatly reduce the number of line 
flashovers and line interruptions, and improve the operating 
stability of the line. 


These characteristics of the surge absorber in greatly reducing 
interruptions to the continuity of supply due to line flashovers, 
and to the blowing of primary fuses in conjunction with its 
proved protective action preventing damage to inductive ap- 
paratus, show that it is providing a safe and effective solution 
to the surge protection problem. Moreover, in giving this 
protection and reliable operation it does not attempt to discharge 
the surge to ground with consequent power ares and disturbance 
to the supply system. 

D. W. Roper: Messrs. Palueff and Hagenguth state: ““‘Where 
it is desired to employ an external protective device for the pro- 
tection of either an ordinary or a non-resonating transformer, a 
properly designed lightning arrester is superior to the best wave 
modifier.”’ All of the transformers on the distribution system of 
the Commonwealth Edison Company are of the ordinary type 
and the number of fuses blown during lightning storms averages 
about 2.5 times the number of transformers burned out. The 
blowing of the fuses principally is due to arcing across porcelain 
bushings or across air spaces within the transformer. This 
arcing is due to the maximum transient voltage and not to the 
shape of the wave. When the results obtained with different 
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types of arresters are compared, it is found that the smallest 
percentage of fuses blown corresponds to those types of arresters 
that limit the maximum transient voltage to the lowest value. 

In the year 1932 the interconnection between the transformer 
secondary neutral wire and the lightning arrester ground wire, as 
recommended by Messrs. Harding and Sprague,? was applied to 
about 5,700 transformers. This interconnection resulted in a 
reduction of the maximum transient voltage without altering the 
shape of the transient, and this has resulted in a reduction of 65 
per cent in the percentage of the transformer troubles due to 
lightning. 

The 5,700 distribution transformers with the interconnection 
between lightning arrester ground and the transformer secondary 
neutral have now been in service for one year. During that 
time the failures on these transformers have been as follows: 


Burning of iprimary leads... ). piace... care « lee ets 3 
Failure of insulation between primary and secondary coils. 4 
Failure between turns on primary winding.............. 1 

Total’ sccsesineer 8 


If the surge absorber is a better device than the lightning arrester, 
then it’ must afford some additional protection beyond that pro- 
vided by the lightning arrester. If it does not reduce the maxi- 
mum voltage of the lightning transient, it would not eliminate 
the 3 failures due to the burning of the primary leads nor the 4 
failures due to breakdown of the insulation between primary and 
secondary windings. The only failure that would have been 
eliminated according to the claims of the makers of the device 
would be the one transformer which broke down between turns 
in the primary winding. Would it be economical to install 5,700 
surge absorbers, which cost more than twice as much as the 
lightning arrester, when the most that we could hope for would be 
to save one transformer failure? 

It should be noted that the transformer failure record since 
the 5,700 interconnections were installed has been about 1/7 of 
1 per cent, and further, that the age of the transformers that 
failed ranged from 9 years to 30 years, with an average of 19 
years. This appears to indicate that with the modern types of 
transformers which are built to withstand a transient voltage 
test, the present scheme of lightning protection used in Chicago 
would be practically perfect. 

The surge absorber has been criticized because the makers 
adopted a name which, after test, has been found to be a mis- 
nomer. But is the name any more of a misnomer than the term 
“lightning arrester?’ One device does not absorb the surge, and 
the other device does not arrest the lightning. As the A.I.E.B. 
is now in the midst of a campaign to adopt a list of standard 
terms and definitions, why should it not consider adopting a 
name for the lightning arrester that is not a misnomer? The 
German term “blitzableiter,’’ which means lightning diverter, 
appears to be far more appropriate. The approval by the 
A.I.E.E. of the continued use of the term “‘lightning arrester,” 
which is a misnomer, leaves the field open to the makers of other 
devices to use a misleading trade name for the device, that is, a 
name that is quite foreign to its properties, and then sell the 
device to the unsuspecting on the basis of the name. 

C. S. Sprague: The authors bring out the point that the flash- 
over of a rod gap may introduce stresses fully as serious as those 
caused by the wave itself. The writer agrees with the authors, 
in that the rod gap, or possibly a specially designed bushing or 
gap in the case of small transformers, should be used as a last 
line of defense in conjunction with suitable arresters. 

The reduction of internal stresses by the use of wave modifiers, 
or internal shielding, usually is expressed relative to the stresses 
produced by a steep front wave. It should be remembered that 

in practice the large majority of waves which reach the trans- 


2. Interconnection of Primary Lightning Arrester Ground and the Grounded 
Neutral of the Secondary Main, A.1.E.E. Trans., March 1932, p. 234. 
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former will have suffered attenuation, and the actual reduction 
in turn stresses due to the protective equipment may not be as 
large as anticipated. 


J. M. Thomson: The writer is particularly impressed with the 
authors’ statements in recognition of the reduction in transformer 
turn and coil stresses, resulting from the sloping of the wave 
front by means of some form of wave modifier—particularly 
their statement that ‘‘a very substantial reduction of internal 
stresses in transformer windings can theoretically be accom- 
plished by proper modification of the incoming traveling wave, 
without changing its amplitude.’’ The possibilities of stress 
reduction by this means are very clearly defined in their tabula- 
tion, comparing the relative stresses in grounded neutral and in 
isolated neutral transformers. 


Our own investigations and experience have indicated that 
the turn stresses that normally cause the vast majority of trans- 
former failures from lightning and switching surges, can be re- 
duced to safe limits by a wave modifier, without excessive cost, 
except possibly for the higher voltages. The writer’s company 
has placed in service 3,000 or more wave modifiers, many, of 
which have been installed to replace other forms of protective 
equipment that had failed to give protection: yet although there 
have been one or two isolated instances of failure in the absorbers 
themselves, we have yet to hear of a failure from lightning in any 
transformer winding protected by this device. 


The authors in their paper make particular reference to a 
device of this sort. They have included a number of curves 
based on their test of this device under normal and special 
conditions. 


Curve No. 1 in Fig. 11, showing the effect of a wave absorber 
under normal conditions in series with the impedance of the line, 
gives not only an all-important modification of the wave front, 
but a slight reduction of amplitude, without any evidence of 
resonance. This curve may be accepted as the fundamental 
corrective curve of this form of wave modifier. Curve No. 4 
in the same figure represents a laboratory condition in which 
the transformer under test is disassociated from the normal surge 
impedanee of the line. Oscillatory waves of this description will 
not be encountered under practical operating conditions. 


The authors comment that the term ‘‘wave absorber” is a 
misnomer, due to the relatively small energy absorption in any 
device of this sort. This criticism of the absorber nomenclature 
is perhaps justified, but the small absorption that does occur as 
eddy loss in the dissipator plates, serves undoubtedly to minimize 
any tendency toward resonant conditions. 


In order that the authors’ suggestion with respect to resonance 
may not carry too much weight in opposition to our own investi- 
gations, I might add that the oscillograms taken in independent 
studies in Germany and in the United States, have confirmed our 
findings that the wave absorber does not introduce resonance 
under any normal condition of operation. 


The authors make specific reference to the limitation of dis- 
tributed capacitance obtainable in the normal construction of 
the special inductive wave modifiers. The values of capacitance 
which we actually obtain approximately are 10 times as high as 
the figure that is used in the paper. Where still higher capacitance 
values are required for amplitude reduction, as in the case of 
generator protection, it is quite possible that economic factors 
would make it advisable to supplement the maximum obtainable 
distributed capacity by adding lumped capacitance. 

The authors stress the size and space factor of wave modifiers 
sufficient to afford protection to the transformer. Our standard 
design practice calls for sizes even larger than those indicated, 
and this fact in itself explains why a wave modifier, to give com- 
plete transformer protection, cannot under present conditions 
compete on a price basis with any of the various forms of dis- 
charge arrester, except in the lower voltages. Consequently the 
use of wave modifiers will be justified only in those cases where 
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the extra cost of assured protection is warranted by the operating 
conditions. 

F. J. Vogel: The subject of lightning protection of trans- 
formers is, at last, largely a question of a knowledge of the surge 
strengths and electrical performance of the various parts of the 
circuit, and also of the economics of the situation. 

" There is no question that transformers as built and surge 
tested today have a well defined insulation strength against 
surges and that this can be demonstrated as above the present 
recommended coordinating gaps for all except direct strokes or 
very high surges of very short duration. This limitation of the 
coordinating gap can be avoided by the use of ground wire pro- 
tection if carefully applied, but such application may not always 
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be considered economical. The use of other forms of coordinating 
gaps is possible but gaps alone have the serious disadvantage of 
power flow and a service outage. 

On the other hand, the modern arrester results not only in a 
much lower protective level, but prevents service outages. 
Even yet some protection against direct strokes will be required 
if all outages must be avoided. 

Besides these two methods of protection, another means, slop- 
ing the front of the surge has been advocated. If the front of 

_any surge be sufficiently long, a nearly uniform voltage distribu- 
tion will be obtained within the transformer winding. The idea 
back of this is that transformer failures are the result of high 
turn-to-turn or coil-to-coil stresses exclusively. The question to 
be answered is whether such sloping can be obtained and utilized 
economically, and, even so, if there are not other disadvantages 
which render it impractical to do so. 

The writer discusses several cases with a view of illustrating 
some limitations of such devices. One ease is that of the shell 
type of transformer. The initial distribution of voltage for such 
a transformer with a single high voltage group is shown by Fig. 3. 
With 10 coils in the high voltage winding, 40 per cent of the 
surge voltage will occur between the first two coils. With such 
designs, the most that could possibly be gained, by sloping the 
wave front, would be to reduce the stress to about 50 per cent of 
that with the steep front wave, much less than stated possible 
by some engineers. 

If it is assumed that 40 per cent of the surge appears between 
the first 2 coils, we can estimate the actual voltages between these 
coils with the coordinating gap or the arrester. The maximum 
full positive 114-40 wave for the 34.5-kv class, if the coordinating 
gap alone were used, is approximately 175 kv, and 70 kv might 
appear across the first duct. A modern design of arrester would 
lower the terminal voltage to about 125 kv which would result 
in 50 ky across the first duct. If we assume the use of a surge 
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absorber, it would have to slope a full wave, enough to reduce the 
voltage across the first duct from 70 to 50 kv to be equivalent in 
protection value with the arrester. To obtain this protection, a 
sloping of the wave front of from 8 to 12 microseconds by the 
surge absorber would be required. It still would retain the dis- 
advantages of permitting outages with all waves higher than the 
maximum full wave value at the coordinating gap. 

The next case to be considered is the core type transformer, 
which has an initial voltage distribution as shown in Fig. 4. 
Tests upon a similar transformer, 34.5 kv, 25 kva, with 12 
pancake coils, each of 400 to 800 turns, showed results as shown 
in Table 1. 


TABLE I 
eee 
Max. Max. Max. 
voltage voltage voltage 
Surge Wave Voltage from across across across 
front tail line to ground istduct 2ndduct 3rd duct 
(Microseconds) 
DESO ea: BB Sethe Ae NOOO. Ge ae TOUS Re oe SOG ee 43% 
Dye date aca euaees SP Lets 2 ICU AS tector c (eA ae BOG ae ee 42% 
1 is eee ae BO dct yh REN ican oh Naat O/B aces e 55% 


Translating this data from percentages of terminal voltage 
across the first duct into actual voltages across the first duct, we 
would obtain 77 per cent of 175 kv, or 135 kv using the coordi- 
nating gap alone, 95 kv with an arrester, and 98 kv if we used an 
absorber sloping the wave front 11 microseconds, about the same 
degree of sloping as required by the shell type design. 

From the data available, the maximum sloping to be expected 
from surge absorbers available probably is from 2 to 4 micro- 
seconds. It is apparent, therefore, that such surge absorbers 
eannot furnish protection to the transformer coil-to-coil insula- 
tion as compared to the modern arrester. 
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Further, such absorbers cannot reduce the magnitude of long 
waves. For the cases just described, the lightning arrester will 
reduce the surge to approximately 125 kv against the 175 kv 
permitted by the coordinating gap. 

To sum up the relative merits of the various protective means, 
the following comments may be made: ' 

1. In the ease of the surge proof transformer, sloping the front 
is unnecessary as the major, coil-to-coil and turn-to-turn insula- 
tions are all coordinated to the coordinating gap level on the — 
basis of steep-front, long-tail surges. Lightning arresters provide 
a desirable increase in the factor of safety and freedom from 
outage. 
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2. In the case of older transformers, it can be seen that wind- 
ing protection to a far higher degree than seems economical with 
surge absorbers is obtained with modern lightning arresters 
properly applied. The further advantage of freedom from outage 
is obtained with the arrester. Further experience shows that any 
transformers in service need protection of the major insulation, 
such as the insulation from the leads to the tank, etc., as much or 
more than protection of the windings. In this case, it is futile 
merely to slope off the front of the surge a few microseconds. 


3. It should not be overlooked that a surge absorber, with 
inductance and capacity built in, is in fact another piece of equip- 
ment similar to the transformer, and with exactly similar prob- 
lems. It requires bushings, windings, insulation and case. It 
bears a close resemblance to the line coils and insulation of the 
ordinary transformer, and it seems unnecessary to solve this 
question in both places without compensating advantages. 


Philip Sporn: Satisfactory lightning protection of trans- 
formers requires three principles to be kept in mind: First, the 
transformer must physically be protected so that. failure within 
the transformer does not occur, as such failure is expensive to 
repair and may involve a prolonged outage to service. Second, 
this protection must be supplied without permitting even a 
momentary outage to service, that is, without circuit interrup- 
tion. Third, and this is altogether too frequently forgotten, 
protection must be obtained on an economical basis. Lightning 
protection obviously is another form of insurance, either insur- 
ance of service or insurance of equipment, or both, and there is a 
limit to the amount that can be spent on any form of insurance. 

The coordinating gap would appear to offer a fairly satisfactory 
solution, coming within the above specifications on transformers 
of new design, and particularly on shielded transformers. On 
transformers of the older design, it appears that the coordinating 
gap would have to be set so low that while protection would be 
offered to the transformer, the resulting service outages might 
become so great that the entire scheme ceases to be practical. 

The authors point out that one of the best methods of trans- 
former protection is to use a lightning arrester, and have sug- 
gested that the wave modifier also be employed with the light- 
ning arrester. Since a wave modifier reduces the coil and turn 
stresses inside a transformer, it is reasonable to suppose that 
added protection is supplied by the use of the wave modifier in 
addition to a lightning arrester. However, it may prove more 
economical to design the transformer to withstand these turn 
and coil stresses and merely use the lightning arrester, rather than 
go to the use of an additional wave modifier which of necessity 
must be relatively expensive, since regardless of its large size and 
internal makeup, it will employ one or more expensive bushings of 
a rating equal to or in excess of the transformer itself. 

The authors’ statement that a rod gap (coordinating gap) 
should be looked upon as a last line of defense for transformers 
and stations and used irrespective of the presence of protective 
means, is in line with a doubt heretofore expressed by the writer 
and by many others as to the ability of the lightning arrester 
properly to perform its function under all conditions. It has 
been recognized in the past that a lightning arrester if it could 
only function according to its theoretical indications would be 
a most effective protective device. However, operating experi- 
ence very seldom has backed up these theoretical indications; in 
fact, as has been previously pointed out by the writer, in many 
places transformers have failed although protected by lightning 
arresters installed in the most approved manner. Further, as 
again has previously been shown, only one actual field record, 
and that of 2,620 amperes associated with 700 kv close to the 
arrester, has ever been obtained, to the writer’s knowledge, 
definitely indicating high ampere discharge by a lightning ar- 
rester during a time of excessive voltage rise at the lightning 
arrester apparatus terminal, this in spite of the fact that from 
every theoretical consideration such a condition must exist when 
a lightning arrester functions and performs properly. 
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It is possible that some of the difficulties experienced hereto- 
fore with lightning arresters have been due to operating engineers 
following altogether too closely the practice recommended by the 
lightning arrester engineers. The latter, as would naturally be 
expected, have always had a tendency to lean in the direction of 
a cell or unit arrangement that would give protection to the 
arrester under all conditions, but it is obvious that an arrester’ 
that is not exposed to lightning punishment, so to speak, may 
have a very difficult job of justifying its existence, and that if one 
has to choose between having an arrester that would be in itself 
safe under all conditions although doing very little protective 
work, and an arrester installation that would do a very effective 
protective job but in that process would expose and subject itself 
to the possibilities of even failure—then, between these two, 
there is no other choice except to expose the arrester and take the 
consequences. 

In an effort to improve the grade of protection furnished to the 
equipment by lightning arresters on the various systems with 
which the writer is connected, there have been changed during 
the past few years a very large number of 132-kv arresters so as 
to limit lightning voltage to the lowest possible value consistent 
with reasonable safety. In doing this we appreciated that we 
were increasing the duty on the arrester and of course the possi- 
bility of its failing in service, but we have definitely made up 
our mind that the best way of determining the limit of the 
arrester is to try it out in practice under conditions that will 
allow it to provide maximum protection to the apparatus which 
it was designed to protect and less protection to itself, until we 
find a point where arrester failure is a problem in itself. In other 
words, we have definitely taken the arrester out of the decorative 
class and have put it to work. 

The practical limits of the application of the wave modifier 
have been thoroughly discussed by the authors; it must be evi- 
dent from their analysis that wave modifiers alone in their 
present form offer only partial protection to transformers against 
lightning entering the station, even if their size and cost can be 
kept within practical limits. Another serious drawback to the 
wave modifier according to the authors is the change in design 
required for protection to different types of transformers and 
lines. It is not clear, however, how much of a drawback this 
would be and whether it would be necessary to change these wave 
modifiers in a given station as additional equipment may be 
added to or removed from the station. The lightning arrester 
on the other hand does not have this limitation. 

The general conclusion that one must draw from the authors’ 
paper is that an ideal protective system would consist of a co- 
ordinating gap, lightning arrester, and wave modifier; but the 
weakness of this conclusion is that it prescribes too much and 
that in general this complete prescription cannot be afforded 
What is needed is a universal protective device, easily applied 
and cheap enough to justify itself even where the economic con- 
ditions are rather thin. The use of the elaborate system proposed 
by the authors can very rarely be justified in practice. 

K. K. Palueff: Messrs. Norris and Thomson limited their 
contributions to the discussion of the wave modifier which their 
company manufacturers. We shall therefore attempt to evaluate 
the action of their device in the light of general data on wave 
modifiers presented in our paper and the data published by 
Messrs. Norris and Thomson. 


In our discussion of the action of the absorber we also should 
bear in mind that Mr. J. M. Thomson agrees that his absorber 
(for a 22-kv system) would act as shown in Fig. 11 of the paper. 
By necessity it follows that a device that behaves as shown in 
Fig. 11 also will behave as shown in Figs. 12, 13, 14 and 15, since 
they all are records of test on one and the same device. The data 
of these figures therefore are used as a part of our arguments. 

Term “Surge Absorber.” Messrs. Norris and Thomson now 
agree with us that the term ‘‘absorber’’ used for their device is 
not justified from the standpoint of energy absorption. The 
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term “‘surge absorber” when referred to by these discussors covers 
their protective device irrespective of its rated voltage. From 
studying various technical papers presented by Messrs. Thomson 
and Norris and our own experimental work with this type of 
device, we found that from the electrical standpoint the low 
voltage surge absorbers differ radically from the high voltage 
absorbers. For example, tests show that the effect of a 2,300- 
volt absorber is essentially that of an inductance. This is proved 
by the fact that whether the case of the absorber is grounded or 
isolated, the modification of the incoming surge by the absorber 
is practically the same. In a 22-kv absorber, on the other hand, 
both the inductance and the capacitance to ground are important. 
The proof is that disconnecting the case of the absorber from 
ground radically changes the modification of the incoming surge 
by the absorber. 

Thus while the value of ground resistance of the ground con- 
nection of the low voltage absorber has no effect upon its be- 
havior, the value of the ground resistance for the high voltage 
absorber has a very important effect, causing an abrupt voltage 
rise at transformer terminal. This voltage rise is proportional to 


——" — where R, is ground resistance and Z is the surge im- 
RR, +Z 

pedance of the line. Mr. EH. T. Norris on the other hand in some 
of his recent papers stated that high ground resistance up to 
1,000 ohms has no effect on absorber operation. (‘‘Install Fer- 
ranti Surge Absorber and. Smile’’—Bulletin 701 by Ferranti 
Electric Ltd.) 

The discussion here is limited to high voltage absorbers only, 
since the discussions by Messrs. Roper and McKachron treat 
the low voltage absorber. 

Can Absorber Resonate? Mr. E. T. Norris in his present dis- 
cussion emphasizes the importance of the internal absorber losses 
on its functioning, he states ‘‘the disadvantages (possibility of 
resonance) are obviated by making the combination (of in- 
ductance and capacitance of an absorber) aperiodic through the 
inclusion of a large loss or resistance component.’”’ Mr. Thom- 
son also expresses the same opinion in his paper on the subject 
(World Power, May 1932, page 325) where he states ‘‘the absorber 
is essentially a pi section filter with a high resistance element to 
eliminate the possibility of the inductance of the coil and the 
capacitance of the transformer resonating and causing doubling 
of the voltage at the terminal of the transformer.” 

Neither of the discussors mentions the important ‘‘damp- 


- ing”’ effect of the surge impedance of the connected line which 


acts in the case of a single impulse as a resistance equal to the 
surge impedance of a line and connected in series with the 
absorber. 

It is our conviction, supported by theoretical and experimental 
evidence, that an absorber’s internal losses are too small to make 
it aperiodic. Consequently, where an absorber appears in test 
to be aperiodic it is not due to its internal loss but due to the 
effect of the external circuit, like for example, that of the surge 
impedance of connected transmission line. Comparison of the 
test curves Nos. 1 and 4 of Fig. 11 of our paper, as well as that of 
calculated curves of Fig. 5 of this discussion demonstrate this. 

The calculations of Fig. 5 were made with formulas of our own 
derivation which numerically agree with those published by Mr. 
Thomson in the above mentioned paper. The constants used for 
the calculation are taken from the test results on a 22-kv ab- 
sorber, made by Mr. Krug of Germany and by other experi- 
menters. It was found that the absorber constant varied with 
the value of electrostatic capacitance of the transformer con- 
nected. Curve 5 shows that if dependence could be placed on 
the surge impedance of the line, then much better results would 
be secured with a plain capacitor having the same electrostatic 
capacitance as the absorber, and omitting entirely the inductive 
element which, as curve 2 shows, is a detrimental feature of an 


absorber. 
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In case the resistance of the absorber is 100 ohms, which is 
the maximum assumed by Mr. J. M. Thomson in his paper, then 
the crest value of curve 2 will rise to 149 per cent rather than 
170 per cent as in the case of 50 ohms, but the general relation of 
the curves will not essentially be modified. 

Comparison of test curves 1-and 2 of Fig. 15 of the paper 
demonstrates the fact that connection of the absorber in the cir- 
cuit may appreciably increase the internal stresses in a trans- 
former due to resonance of the absorber circuit with the trans- 
mission line, in ease the latter is arced over at some distance from 
the station. Mr. Thomson’s statement ‘‘. . . absorber does not 
introduce resonance under any normal condition of operation,” 
therefore, is not correct, since arcover of the line insulation during 
lightning storms must be considered as one of the most ‘‘normal’’ 
conditions, meaning by the word ‘‘normal’’—common. 

An arcover of the line insulation near the terminal of the ab- 
sorber and arcover of a transformer bushing are two more cases 
of normal operating conditions where the absorber can not 
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Curve 1—Applied voltage E 

Curves 2, 3, 4 and 5—Resultant voltages at trans. terminal (calculated) 

Curves 2, 3, and 4—Obtained with trans. protected by absorber 

Curve 5—Obtained with trans. protected by shunt capacitor of 0.0034 
microfarads 


ABSORBER CONSTANTS USED FOR CALCULATION 


Resistance Capacitance Inductance Z 
Ourve 2s-e eee 50 ohms:....... 3400x10-F...... 100x10-*h...... (6) 
Gurye's- 4. eee OS Sie 3400x10-"F...... 100x10—hA...... 400 ohms 
Gurye:4ae eee en eee 3400x10-F...... 100x10-5h...... 400 ohms 


depend on damping effect of surge impedance of the line, since 
after the arcover takes place the line obviously can not have any 
effect on the phenomena within transformer windings. Yet under 
these conditions extremely high internal stresses are created in 
transformers. Oscillograms of Fig. 6 of this discussion are 
extremely illuminating in this respect. Curve 3 of Fig. 13 of 
the paper shows that a steep wave produced, in transformer of 
short natural period, a voltage some 14 times the ideal. That is, 
42 per cent of the voltage applied to the transformer was con- 
centrated across 3 per cent of the winding near the line end. By 
connecting a “protective transformer” between line and power 
transformer, the voltage produced by the same wave was re- 
duced to 5.7 times the ideal. This might have been taken as 
evidence of the effectiveness of the protective transformer. Yet 
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when the line insulation near the protective transformer was per- 
mitted to are over, the voltage across the same part of the winding 
first rose to 5.7 times normal as before, due to the front of the 
applied wave, and then fell below zero line to 14 times normal, 
due to the abrupt tail of the applied wave. This confirms our 
view that arcover of the line at the absorber terminal can produce 
just as high stresses with as without a protective device of ab- 
sorber characteristics, and that such a device is incapable of 
reducing the stresses under such conditions. 

Since Messrs. Norris and Thomson agree with us that the 
absorber does not reduce the amplitude of a surge, it follows that 
should the surge be high enough to are over the transformer 
bushing where no absorber is installed, it would also are it over 
in the ease the absorber is installed. This would permit the most 
abrupt fall in voltage from the maximum amplitude that can 
possibly be applied to the transformer and therefore would create 
exceedingly high stresses due to resulting internal oscillations of 
the transformer. The presence of the absorber frequently will 
accentuate these oscillations as shown in our paper. 

Since Messrs. Thomson and Norris agree that the absorber 
ean have no material effect on a relatively long wave they, by 
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Fig. 6—INOCREASE IN STRESSES PRODUCED BY ARCOVER AT LINE 
TERMINAL OF THE “PROTECTIVE TRANSFORMER” 


Top—Voltage across 3 per cent of winding near line end (97—94 per cent 
away from ground end) produced by steep traveling wave (5.7 times ideal) 

Bottom—Voltage between same points produced by wave of the same 
shape and amplitude but allowed to arc over gap G. (14 times ideal) 


necessity, must agree that it is incapable of reducing stresses in 
major insulation since the stresses are produced principally by 
long waves. 

Thus we are obliged to conclude that, as far as the trans- 
former is concerned, if all common or ‘‘normal”’ operating con- 
ditions are taken into consideration an absorber is quite impotent 
in reducing dangerous stresses in turn, coil or major insulation. 

Mr. Thomson speaks of some tests made in this country and 
in Germany, results of which he believes prove that the absorber 
does not oscillate. It is difficult to comment on this statement 
as he fails to give any definite reference to the condition of test, 
the numerical results obtained, and the name of the authors of 
the tests. 

The only results of tests made in Gernany that have been 
published and brought to our attention are those made by Krug 
of Dresden in Doctor Binder’s Laboratory (H.7.Z., June 1932). 
Probably it is this test that Mr. Thomson has in mind as one of 
Krug’s oscillograms has been widely published by Mr. Norris 
and his associates on several occasions. 

It is significant that this oscillogram was not obtained with a 
transformer being ‘‘protected”’ by the absorber but was secured 
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with the absorber connected between two parts of a transmission 
line. 
Mr. Krug has this to say about the 22-kv absorber he tested: 
“The damping resistance of the absorber is relatively small, 
therefore the damping has to be effected by the surge impedance 
of the connected overhead lines. Over voltage can be expected 


at the end of long cables (underground), provided the cable ° 


does not produce any flattening of the front itself. Tests do not 
seem to show any great influence of permeability of the iron 
tank and of the skin effect of the conductors.” 

By over voltage Mr. Krug means that the absorber may cause 
increase in the voltage applied to the apparatus in case the surge 
impedance of external circuit is low, like in a cable. Ability to 
cause such increase is the fundamental characteristic of a 
resonating circuit. It will be observed therefore that Krug’s 
findings confirm our views on the resonating characteristic of 
absorber and that it is not the internal loss but the damping 
effect of the surge impedance that under some condition may 
make circuit aperiodic in spite of the presence of absorber. Thus, 
the writer does not see how Mr. Thomson finds confirmation in 
his views in the above tests. 

Effect of Absorber on Number of Line Arcovers. Mr. Norris 
states that the absorber reduces the number of flashovers and 
blowing of fuses. This is quite surprising since he agrees that 
the absorber does not reduce the amplitude of a surge even at 
its own terminals. If, for the sake of discussion and neglecting 
evidence to the contrary, we should assume, that, it causes some 
essential modification in the wave, then still its effects would 
be limited to the section of the line in the immediate neighbor- 
hood of the device. It is general knowledge that relief or dis- 
ebarge or in fact a direct ground on a circuit conductor can not 
be depended upon to prevent line flashover even one span away. 
Since the law of probability suggests that most of the lightning 
flashovers take place over the major part of the transmission 
line, no appreciable reduction of the total number of flashovers 
ean possibly take place. 
normally high amplitude of the surge, which is not affected by the 
absorber, followed by power current it also is not clear how the 
number of blown fuses can be reduced. 

Repeat Orders and Service Experience. It is difficult to attach 
any engineering significance to Mr. Norris’ statement “no 
instance has been recorded of failures of surge absorbers to give 
complete protection within their sphere of action,” 
he does not define the ‘‘sphere of action.” 

Mr. Norris is encouraged by the fact that his company has 
received many repeat orders for absorbers. As encouraging as 
it may be to his company, it fails to serve as evidence of the 
effectiveness of the device. For example, in the past, when a 
choke coil “was in flower” the manufacturers of choke coils 
could, with similar satisfaction, point to the large number of 
repeat orders. Yet, now, the manufacturers of such coils, as 


well as Mr. Norris, agree with us that these coils offer no pro-: 


tection and can be even harmful. From what we know of. the 
absorber we are inclined to believe that the two cases are quite 
comparable. 


As the number, frequency, amplitude, and shape of transient 


voltages depend on a great many factors and characteristics of 


circuits which generally are not known, it is very dangerous to. 


base the design characteristics of protective devices on indiserimi- 


nate reports received from the field. Many examples can be. 


cited to illustrate how misleading some of these reports ean be. 


Size of Absorbers. Our conviction is that the physical size of 


a wave modifier of the absorber type in most eases becomes ° 
impractically large where its electrical constants are made of - 


proper magnitude. 


Mr. Thomson tells us that the sizes of his absorbers are even 
larger than we indicate in the paper. Apparently, he misunder- 
stood our data. In Fig. 7 of this discussion, the volume of proper 
wave modifiers (of the absorber type) are compared with those 
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of his standard absorbers and with typical large power trans- 
formers of stated rating. 

It must be observed that the volume of the proper wave 
modifier increases materially with increase of the natural period 
of free oscillation of the transformer to be protected. The size 
of the absorber, on the other hand, does not, and still it is much 
smaller than the smallest of the proper wave modifiers. Com- 
parison is made on the assumption that in the absorber, the wave 
modifier, and the transformer the same kind of insulating ma- 
terialis used. It can be seen that, in most of the cases, the proper 
wave modifier is absurdly large. This appears to us as one more 
evidence that the surge absorber can not be effective, being so 
much smaller than the wave modifiers. 
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Fig. 7—CoMPpaRIsON OF VOLUMES OF: 


A—Power transformers of different ratings 


B—Corresponding proper wave modifier of ‘‘protective modifier’ type 
designed for transformer natural period T of 20 and 200 microseconds 

C—Wave modifiers of the same type available on the market 

Distributed Capacitance of Oil Immersed Surge Absorber. We 


estimated in the paper that the maximum capacitance of a high- 
voltage oil-immersed protective transformer winding to its case 
(that is to ground) should be of the order of 0.0004 microfarads 
if the cost of the device is to be kept within practical limits. Mr. 
Thomson states that this capacitance in his absorbers is 10 
times as high, but admits that in the high-voltage range the 
absorber can not compete in price with lightning arresters. 
While we failed to find any test data on high voltage absorbers, 
published by Thomson or his associates, we must agree that if 
the cost of the device is to be disregarded, this capacitance can 
be made even 100 times the value mentioned by us. 

Incidentally, in one of the latest publications on the absorber 
(Bulletin 701 mentioned previously) issued by Mr. Thomson’s 
associates, the estimated capacitance of the high voltage ab- 
sorber to ground is given as 0.001 microfarads. This is much 


nearer to the 0.0004 suggested by us than to the 0.004 suggested - 


by Mr. Thomson. After all, our figure was stated to indicate 
only ‘‘the order of magnitude.” But it is rather surprising to 
find a 4:1 difference in the estimate of this capacitance between 
various engineers responsible for the absorber. 

Mr. D. W. Roper’s Discussion. Mr. Roper’s discussion shows 
how effective a lightning arrester is where full advantage of its 
properties is taken. Comparing his present data on transformer 
failures with that given in his A.J.E.H. paper, TRANSACTIONS, 
Volume 51, 1932, we find that before interconnection of a trans- 
former secondary neutral wire with the arrester’s ground the rate 
of distribution transformer failures on his system was 0.4 per 
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cent per annum. After the interconnection was completed this 
rate fell to 0.14 per cent per annum. In other words the effective- 
ness of the arrester protection was increased 2.85 times by the 
virtue of improved installation. 

It is unfortunate that not many operating engineers exercise 
as much care and determination as does Mr. Roper in the analysis 
of the experience of their systems. Much benefit could be derived 
from their experience, if as in Mr. Roper’s case, they present 
definite facts rather than general impressions and independent 
interpretations. 

Typical Lightning Waves. Mr. Norris states that most of the 
failures of his transformers take place between turns. Since it 
is known that the maximum stresses between turns are produced 
by very short steep waves he concludes that only these kind of 
waves are important and typical to transmission lines. 

Mr. F. J. Vogel, on the other hand, states that he has troubles 
principally with major insulation of his transformers. Since 
waves producing maximum stresses in major insulation do not 
have to be particularly steep, but must have considerable length, 
the conclusion from his experience should be, that it is this type 
of wave that is most important and typical of transmission lines. 

Since both discussors evidently had the experience with a 
large number of transformers the only conclusion that can be 
drawn, which does not conflict with their experiences, is that 
waves of both types are present, but one type of transformer is 
too weak in its turn insulation and the other in the major insula- 
tion. We have expressed on many occasions our conviction that 
the transformer designer must consider the entire range of waves 
as probable and therefore design the insulation accordingly. 

Vogel Discussion. We are glad to learn that Mr. Vogel’s 
analysis of the effect of protective devices supports our view on 
relative merits of wave modifiers and lightning arresters. How- 
ever, his curves of initial or electrostatic voltage distribution 
(Figs. 3 and 4) of shell and core type transformers may be mis- 
leading without the following comments: 

The striking difference between the 2 curves is not due to the 
difference in the type of the 2 transformers as one may conclude 
from the captions, but due to the fact that his core type trans- 
former was of an ordinary construction, where no special effort 
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was made to reduce the voltage concentration near the line end; 
on the other hand, the shell type transformer evidently was 
provided with an electrostatic shield (this is a rather recent 
addition to shell type transformers and under some of the 
transient voltage conditions may reduce the concentration at 
the line end). The writer’s belief in the correctness of this 
opinion is based on the fact that curves published by Mr. F. J. 
Vogel and his associates for shell type transformers prior to the 
adoption of the shield were essentially like that shown by him 
for the core type while curves published by them after the shield 
was incorporated coincide with his curve in Fig. 4. As we have 
shown before, the electrostatic shield can produce such a differ- 
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ence in the shell type transformer only in case the entire winding 
is in one group or a number of groups connected in parallel. The 
latter construction, however, is effective only for limited applica- 
tions. A reproduction of earlier curves for shell type transformers 
secured by Mr. Vogel and his associates (A.J.H.E. TRANSACTIONS, 
March 1931) is shown in Fig. 8 of this discussion and compared 
with data on core type transformers obtained by us and pub- 
lished in A.J.H.E. Transactions, January 1929. 

Mr. Philip Sporn is to be congratulated for initiating a pro- 
gram having for its objective the securing of the very best pro- 
tection obtainable with the arrester equipment. His decision to 
reduce gradually the safety factor of the arresters until the limit 
is reached through actual experience is most welcome, as it 
certainly is the most positive way of determining this limit. Of 
course, it is appreciated generally that this limit will vary for 
various systems. 

The writer calls to Mr. Sporn’s attention the fact that we do not 
suggest the use of a wave modifier, but merely state that in case 
the operating engineer wants to have one, then the most suitable 
wave modifier is a condenser connected in shunt with an arrester. 
Both Messrs. Sporn and Norris refer to the service experience 
for indication of impotency of an arrester to prevent transformer 
failure. Before any weight to these experiences is given it must 
be realized that there is a large number of different types of 
arresters which differ esentially in their protective ability. 
Second, that numerically, there is a greater number of old ar- 
resters and transformers than of the modern type. These old 
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apparatus were not always coordinated properly with one another 
and their installations were made before the effects of various 
factors were generally appreciated. ; 

The behavior of some of the modern arresters was calculated 
mathematically, checked experimentally under laboratory con- 
ditions, and checked again under service conditions, as for ex- 
ample, has been done by Messrs. McKachron and Wade (A.I.H.E. 
Trans., June 1931, p. 479), who secured very valuable and 
convineing data from elaborate tests made with the assistance of 
field installations of lightning generator and cathode ray oscillo- 
graph on part of a large high voltage transmission system. 

The reliable field installations of devices capable of measuring 
arrester discharge currents produced by lightning are very few 
in number and therefore it is not surprising that not many 
records have been obtained up to the present. However, it is 
interesting to recall that Mr. P. Sporn himself found discharge 
currents of 2,620 and 1,260 amperes in some of his arresters; 
(A.I.E.E. Transactions, March 1928). These currents are of 
the order of magnitude that represents nearly maximum current 
that can be expected on a 132-kv system. 

All in all, we believe that a modern transformer protected by a 
modern lightning arrester properly installed is the most practical 
solution of the problem up to the present. If protection against 
direct strokes is desired the arrester should be supplemented by 
ground wires installed over the station and extending over the 
line a short distance, which now can be computed with engineer- 
ing accuracy. 


Current and Voltage Wave Shape 
of Mercury Arc Rectifiers 
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Synopsis.—This paper gives data on the voltage and current 
wave shape of mercury arc rectifiers on both the d-c and a-c side. The 
values of the harmonics at light load are considered first and the 
modifications of the harmonics under load due to impedance then 
are studied. The results of tests on rectifiers are given and are in 
reasonable agreement with the theoretical values which, for con- 
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and 


venience in use, are plotted in the form of curves. The relation be- 
tween the harmonics in rectifiers with different transformer con- 
nections 1s shown and consideration also is given to modifications 
introduced when the a-c voltage contains harmonics or has a phase 
unbalance. A brief discussion is given of some methods of modifying 
the harmonic voltages in this type of apparatus. 


INTRODUCTION 


ERCURY arc rectifiers have current and voltage 
wave shapes that are inherent in the normal 
operation of the apparatus. It is the object of 
this paper to discuss the wave shape on both the a-c 
and d-c side of rectifiers and to show how to estimate 
the wave shapes of the voltage and the current on 
either side under operating conditions when the circuit 
constants are known. Methods available for modifying 
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the wave shapes of rectifiers are discussed. The first 
part of the paper deals with the d-c side and the second 
part deals with the a-c side of the rectifier. 

The data given in this paper apply to rectifiers of the 
customary types that make use of the rectifying proper- 
_ties of a mercury cathode or a thermionic cathode in- 
closed in an evacuated chamber. They do not apply 
to rectifying devices in which the normal operation is 
controlled by a third element generally called the grid. 


Part I—VOLTAGE AND CURRENT WAVE SHAPES ON THE 
D-C SIDE 

The wave shape of the voltage on the d-c side is dis- 
cussed by considering first the voltage wave which 
would be obtained in normal operation with balanced 
polyphase sine voltages applied to the rectifier. The 
modification due to the presence of unbalances or har- 
monics in the a-c voltage wave then is considered. 


Theoretical Wave Shape of the D-C Voltage at No-Load 
The voltage on the d-c side at any instant under the 

no-load condition is the voltage between the cathode 

and the anode which has the highest positive potential. 


*General Electric Co., Schenectady, N. Y. 
Presented at the summer convention of the A.I.E.E., Chicago, 
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Thus the d-c voltage wave is made up of the tops of 
sine waves cut off at intervals 7/p on either side of the 
maximum as n Fig. 1, where p is the number of phases. 
This wave has been analyzed! and gives the Fourier 
series 


e=H+6, cos pO+b: cos 2p0+ ... +b, cosmpé+... 


(1) 
E is the d-c voltage which is given by the formula 
E 
k= us sin a 
Pp 


in which E, is the peak value of the voltage to neutral 


on the secondary side of the transformer. The coeffi- 
cient of the mth cosine term is 
; 2E 

ae mp? — 1 _ yz Cosma (2) 


Effect of Load Upon the D-C Voltage Wave 


If only one anode at a time is carrying current the 
voltage wave shape with load is the same as at no load. 
On account of inductance in the transformer windings 
and connections the load current cannot be transferred 
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instantly from one anode to another and the currents of 
two or more anodes overlap during part of the cycle. 
During the period of overlapping the anodes are at the 
same potential which is the average of the voltages of 
the phases with which these anodes are associated. 
Fig. 2 shows the shape of the d-c voltage wave when 
overlapping takes place between two anodes. ‘The 
angle of overlap is designated by the symbol u. An 
analysis of this curve gives the Fourier series 
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. +a, sin mpé+:... 
+b, cosmpO+... 

(3) 
In this equation Ey is d-c voltage under load, given by 
the formula? 


e=E, +a; sin pO+a, sin 2p0+ . 
+b, cos p6+b. cos 2p0+... 


Ey, = E cos? 5 (4) 
E is the d-c voltage at no load. Formula (4) allows for 
the effect of overlapping but does not allow for the arc 
drop or the JR drop due to losses in the transformer 
windings. 

The coefficients of the mth sine and cosine terms are 
respectively? 


sin (np+1) u 


~ sin (mp—1) al 
mp+1 


pele [ 
Om = —g~ COS mT Fil 


(5) 
cos (np + 1) u 


cos mr | mp + 1 


os 
__ 0S (mp — 1) u 
mp —1 


Seer le 
The effective value of the harmonic of order mp is 
+/ On? + bn?. The harmonics can be referred to the 
d-c voltage with load by multiplying by the ratio H,/E. 

In the 6-phase rectifier the voltage at no-load is cut 
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off at intervals of 1/6 of the period of the a-c supply 
voltage so that the harmonics which are present on the 
d-c side are the 6th, 12th, 18th, 24th, etc., harmonics of 
the supply system frequency. Fig. 3 shows the values 
of these harmonics as percentages of the d-c voltage 
with load plotted against the angle of overlap. The 
curves show the magnitudes only but the phases also 
change with the angle of overlap. 
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In the 12-phase rectifier the voltage at no-load is 
cut off at intervals of 1/12 of a period of the a-c supply 
voltage so that the 12th, 24th, etc., harmonics of the 
frequency of the supply system are present. The per- 
centage values of these harmonics at no-load and with 
load are the same as in the 6-phase rectifier and can be 
obtained from the curves for these harmonics in Fig. 3. 
Theoretically the 6th, 18th, etc., harmonics, the odd- 
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multiples of the 6th, are zero for 12-phase operation but 
actually they exist due to various causes such as the 
presence of harmonics in the a-c supply voltage, un- 
equal division of load between two sets of 6 phases, etc. 
The values of these harmonics observed in tests are 
given later. - 


Calculation of Angle of Overlap 
The percentage values of the harmonic voltages on 
the d-c side can be obtained from Fig. 3 for any load 
condition if the angle of overlap is known. The formula 
for calculating the angle of overlap from the constants 
of the transformer and the supply circuit has been 
published.? If resistances are neglected the formula is 
u = cos [ 1—- 


IX 
Ey sin 1/p | (7) 


where 


u = angle of overlap 

p = number of secondary phases in each group* 

I = load current in each group of secondary windings 

X = reactance from anode to neutral of the circuit in 
which commutation is taking place 

Ey) = peak value of voltage to neutral on the secondary 
side of the transformer 

Fig. 4 shows w as a function of [X/E, for different 

types of rectifiers. The commutating reactance X is 

the reactance of the circuit for the current which circu- 


| 


*p also may be defined as 


360 


ee (conducting period in degrees) 


— (angle of overlap) 
The values of p for some of the common connections are 
p = 3 for 6-phase double-wye and 12-phase quadruple-wye, 
p = 6 for 6-phase star and 12-phase in double 6-phase relation, 
and 
= 12 for 12-phase star. 
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lates between the windings undergoing commutation. 
It includes the reactance in the transformer windings 
and the reactance in the supply system. The com- 
mutating reactance of the transformer can be measured 
or calculated from the design. The equivalent re- 
actance of the supply system referred to the secondary 
side depends upon the transformer connection. The 
following formulas for the equivalent reactance of 
supply system apply to a number of connections that 
have been used for 6-phase and 12-phase rectifiers. 

(a) Secondary double-wye or quadruple-wye, pri- 
mary either delta or wye 


J HY 2 
x= xg) .. 
(6) Secondary star 6-phase or forked 6-phase, pri- 
mary delta 
Xe ( E” i) 
a nara casi: 


= line-to-neutral reactance of supply system at 
fundamental frequency, referred to the primary 
side of the transformer 
X” = equivalent reactance of the supply system at 
fundamental frequency for the commutating 
current 
E’ = voltage to neutral on the primary side 
E” = voltage to neutral on the secondary side 
The reactance of the circuit in which commutation is 
taking place is 


(8) 


xX! — 


(9) 


I 


A = X’ +X” (10) 
where X’ is the commutating reactance of the trans- 
former for the connection used. 


Effect of Interphase Transformers Upon the D-C Voltage 
Wave Shape 

- The connection known as the double-wye 6-phase 
connection has two groups of three phases connected by 
an interphase transformer which causes each group to 
carry one-half the load current. The voltages on the 
two sets of phases are displaced by 60 degrees. The 
voltage on the d-c side is the average of the voltages on 
the phases that are carrying current. The d-c voltage 
wave at no load’ is obtained by plotting the average of 
two curves similar to Fig. 1 displaced by 60 degrees, 
each curve being cut off at intervals of 60 degrees on 
either side of its maximum. It is found by plotting such 
a curve that it has the same shape as the no-load voltage 
wave for ordinary 6-phase operation as obtained with 
the star 6-phase connection. Since the shape of the 
curve is the same the harmonics of the same frequency 
are present and their percentage values referred to the 
d-e voltage are the same. 

Under load conditions there is overlapping between 
anodes in the same group and the d-c voltage wave is 
obtained by plotting the average of two curves similar 
to Fig.2 with 60 degrees displacement. It can be shown 
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that for any given angle of overlap the percentage 
values of the harmonics referred to the d-c voltage are 
the same as for ordinary 6-phase operation with the 
same angle of overlap. To calculate the angle of overlap 
in this case it is necessary to use the commutating re- 
actance between two windings 120 degrees apart since 
the commutation takes place between anodes placed in 
such an electrical relation. On the star 6-phase rectifier 
the commutating reactance between windings 60 degrees 
apart is taken since commutation takes place between 
successive anodes. For other 6-phase arrangements 
such as triple single-phase, 6-phase forked, etc., the 
percentage values of the harmonics are the same for any 
given angle of overlap provided the currents of not 
more than two anodes overlap. In each case the proper 
commutating reactance for the particular connection 
must be known in order to calculate the angle of overlap. 

In the 12-phase rectifier there also are different ar- 
rangements of transformers and interphase transformers 
which can be used. For instance, one arrangement has 
two groups of 6 phases displaced by 30 degrees and an 
interphase transformer which causes the load current 
to be divided between the 2 groups of 6 phases. It can 
be shown by analyzing the various arrangements that 
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the 12th, 24th, etc., harmonic voltages are present and 
their percentage values are the same as in the 6-phase 
rectifier with the same angle of overlap, provided the 
currents of not more than two anodes overlap. It is 
necessary to know the appropriate commutating re- 
actance in each case in order to calculate the angle of 
overlap for a given load. 

In formulas (5) and (6) and in the curves of Fig. 3 
it is assumed that not more than two anodes in each 
group are carrying current at the same time. When an 
interphase transformer is used the number of groups is 
two or more. For the star 6-phase connection or the 
12-phase connection in double 6-phase relation the num- 
ber of phases in each group is six. When the angle of 
overlap is approximately 41 degrees (at the point P 
in Fig. 2) a third anode in each group begins to carry 
current. Thus the curves do not apply above that 
point. For the double-wye 6-phase connection and the 
quadruple-wye 12-phase connection the number of 
phases per group is three. When the angle of overlap 
is less than 90 degrees not more than two anodes in 
each group are carrying current and thus the curves 
which are plotted up to 60 degrees overlap apply over 
their whole range. For the star 12-phase connection 
the curves apply up to 20 degrees overlap. The analysis 
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of the voltage curve can be modified to allow for the 
effect of more than two anodes carrying current but it 
has not been found necessary to do so because close 
enough estimates could be made without it and there 
are other factors such as higher harmonics in the voltage 
on the a-c side which are not taken into account. 


Modification of the D-C Voltage Wave Shape Due to 
Harmonics or Phase Unbalance in the A-C Voltage 


When harmonics are present in the a-c supply voltage 
of a 6-phase rectifier their effect may be studied by a 
diagram similar to Fig. 1. In Fig. 5 the heavy dotted 
lines show the d-c voltage at no load when a sine 
wave of voltage is applied. The full lines show the 
conditions that exist when a 5th harmonic in phase with 
the fundamental is present in the voltage supply. By 
analyzing the d-c voltage in a Fourier series it is found 
that the 5th harmonic in the a-c supply gives rise princi- 
pally to a 6th harmonic and small amounts of 12th, 
18th, etc., harmonics. By a similar analysis it is found 
that a 7th harmonic in the a-c voltage gives rise princi- 
pally to a 6th harmonic in the d-c voltage. Similarly 
an 11th or 18th harmonic produces principally a 12th 
harmonic, a 17th or a 19th harmonic produces princi- 
pally an 18th harmonic, ete. In all these cases the peak 
value of the harmonic produced on the d-c side is 
approximately the same percentage of the d-c voltage 
as the percentage value of the harmonic producing it 
on the a-c side. Depending on their phases, these 
harmonics may add to or subtract from the correspond- 
ing harmonics which arise in the normal operation of 
the rectifier.® 

In a 12-phase rectifier it is found that an 11th or 13th 
harmonic on the a-c side gives rise principally to a 12th 
harmonic on the d-c side, a 28rd or 25th harmonic gives 
rise to a 24th harmonic, etc. 

The action of a 5th or 7th harmonic in the voltage 
wave shape of a 12-phase rectifier in producing a 6th 
harmonic on the d-c side requires further study. This 
may be seen as follows. One method of producing 12 
phases in theory is to operate two 6-phase rectifiers in 
parallel with the primary of one connected wye and the 
other delta. Let the voltage from line to neutral on the 
wye be given by 

éan = E', cos 0 + E; cos 50 
The voltage across the delta will be 


éazn =H ,[cos 6—cos(6+120)]+EH;[cos 50—cos 5(8+120)| 


(11) 
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= /3 {E, cos (6 — 30) — E; cos 5 (8 — 30)} (12) 
The factor 4/3 is taken care of by the different trans- 
formation ratio for the wye and delta transformer. The 
negative sign of the 5th harmonic in eas shows that it 
is opposite to the 5th harmonic in ean with respect to 
the fundamental. Therefore the d-c voltage wave dur- 
ing the first 1/12 of a cycle of the fundamental is not 
the same as during the next 1/12 of a cycle and a 6th 
harmonic is present. It is found by analyzing the 5th 
harmonic separately that the percentage value of the 
peak value of the 6th harmonic so produced is the same 
approximately as the percentage value of the 5th har- 
monic in the supply system voltage. The effect of a 
7th harmonic can be analyzed in a similar manner and 
it is found that it produces a 6th harmonic on the d-c 
side for the same reason. 


Other possible sources of harmonics in the d-c voltage 
of a rectifier are unbalances in the a-c supply due to the 
angle between the 3-phase voltages not being exactly 120 
degrees apart or due to the voltages:of the 3 phases not 
being exactly equal. An analysis shows that the effects 
to be expected due to these causes on commercial power 
systems are negligible. The 6th, 12th, 18th and 24th 
harmonics on the d-c side of a rectifier, when the a-c 
supply has 1 phase greater than the others by 1 per 
cent or the angle between 2 of the phases differs from 
120 degrees by 1 degree, do not differ by 10 per cent 
from the harmonics when the magnitudes or the angles 
between the 3 phases are equal. 


Comparison of Measured and Calculated Values of the 
Harmonic Voltages on the D-C Side 

Table I shows a set of readings taken on a 6-phase 
rectifier which had a d-c reactor in series with the load. 
The measurements were made across the load. From 
the harmonic voltage and current measurements the 
impedance of the load Z,,, at the harmonic frequencies 
was calculated, The impedance Zz» of the d-c reactor 
and of the transformer was estimated from their design 
constants. From these the internal voltage in the recti- 
fier of the harmonics was calculated for each frequency 
from the formula 


Lim 1 Zam 


iia (13) 


CRm = CLm 


TABLE I—TEST DATA AND CALCULATED DATA ON A 6-PHASE, 600-KW RECTIFIER 
—88Nees=$=—$—M0M$M SS ooaoaao@*éswmawv#Oomnm@@a@sw#WO0OOOMmwwuasoma“$#jt,h]ooooSSmmm 


240-kw load 


720-kw load 
Internal voltage Internal voltage 
on d-c side Theoretical on d-c side 
Theoretical Meas. voltage Meas. current calc, from voltage Meas. voltage Meas. current calc. from Theoretical 
Har- no-load across d-c on d-c measured on d-c across d-c on d-c measured voltage 
monic voltage % load % side % voltage % side % load % side % voltage % on d-e side % 
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where 
€rm = internal harmonic voltage of rectifier 
€tm = harmonic voltage measured across load 


To calculate the angle of overlap the commutating 
impedance of the transformer was known from the 
design. From measurements on the a-c side the im- 
pedance of the a-c supply was obtained. Combining 
these impedances in the manner previously discussed 
the angle of overlap was calculated from equation (7) 
and found to be 14 degrees for the 240-kw load and 24 
degrees for the 720-kw load. Fig. 3 then gave the theo- 
retical percentage values of the harmonics under load. 
A comparison of these with the values calculated from 
equation (13) shows good agreement except in the case 

of the 6th harmonic. Measurements for the a-c side 
showed the presence of 1.9 per cent 5th harmonic and 
1.0 per cent 7th harmonic. If these harmonics were in 
phase opposition to those produced by the normal 
operation of the rectifier the resultant to be expected 
on the d-c side would be 6.5 — (1.9 + 1.0) = 3.6, which 
now agrees with that obtained by equation (13) from 
the test result. This agreement must be regarded as a 
coincidence, however, since the phase relations might 
not have been those assumed. 

Table II shows similar tests at different loads on a 
12-phase rectifier. It will be noted that there is reason- 
able agreement between tests and calculated values for 
the 12th and 24th harmonics. The discrepancies can be 
accounted for by harmonics present originally in the a-c 
supply system, and by the reaction of the rectifier on 
the a-c supply system which produced harmonics in the 
voltage at the a-c terminals of the rectifier, to be dis- 
cussed later. These harmonics in turn gave rise to 
harmonics on the d-c side which were out of phase with 
and thus tend to reduce those produced by the rectifier 
under normal operating conditions. The values of 
theoretical voltage for the 6th and 18th harmonics have 
been left blank, but it may be noted that they are re- 
duced from what they would be if the rectifier operated 
6-phase. The reduction of the 6th harmonic is three to 
one and in the 18th harmonic is five to one, as compared 
with a 6-phase rectifier. From a number of tests it has 
been found that the average reduction in the 6th and 
18th harmonics obtained by use of the 12-phase con- 
nection approximately is four to one compared with the 
values which would be obtained if a 6-phase connection 
were used. 


CURRENT AND VOLTAGE WAVE SHAPE OF MERCURY ARC RECTIFIERS 


977 


The effects due to harmonics on the a-c side of recti- 
fiers give rise at the present time to the largest sources 
of error in estimating the harmonic voltages on the d-c 
side. The difficulty arises principally from the fact that 
not only have the relative magnitudes of the harmonics 
to be known but also their phase relations. 


Method of Reducing the Harmonic Voltages on the D-C 
Side 

When it is desired to reduce the magnitudes of the 
harmonic voltages on the d-c side suitable apparatus 
can be provided. The usual method is to connect a 
series reactor in the d-c circuit, usually called a d-c 
reactor, between the rectifier and the outgoing line and 
resonant shunts across line on the line side of the reactor 
as in Fig. 6. The resonant shunt consists of an induc- 
tance and a capacitance in series tuned for the frequency 
of the harmonic which it is desired to reduce. A shunt 
is provided for each harmonic to be reduced. If the 
resonant shunt is tuned for the frequency of the nth 
harmonic its impedance at that frequency is a pure re- 


D-C 
rar ere ' REACTOR 
RECTIFIER 
W 
Fig. 6—-REcTIFIER | ASSOCIATED | Xn a 
e _. 'TRANSFORMER 

with D-C Rac - | 
TOR AND RESO- | 

| Xo 

NAN SHUNT: | 0) lees eee | RESONANT_7 
SHUNT 


sistance which is small compared with the impedance of 
either the reactor or the capacitor at the same fre- 
quency. If the resonant shunt is connected as in Fig. 6 
and the resistance of the resonant shunt is small com- 
pared with the impedance of the load so that the im- 
pedance of the load can be neglected, we have 


E, = Entn/V(%0 +-4n)? + Tr? (14) 

where 

E, = nth harmonic voltage across the resonant shunt 
(or outgoing bus) 


E,, = nth harmonic internal voltage 
2) = internal reactance of the rectifier for the nth 


harmonic 
reactance of the series reactor for the nth har- 


monic 
rn, = resistance of resonant shunt at nth harmonic 
If r, is small compared with 2) + 2,, the ratio L,/E,, 
sometimes called the reduction factor, is approximately 
a= H,/E. = Ga+ts)/to (15) 


Ln 


TABLE II—TEST DATA AND CALCULATED DATA ON A 12-PHASE, 3,000-KW RECTIFIER 


—————————————————————————————————————————————— oO )M>—Mmmmnmwnw«;wo—'"' 


Light load 
; Measured Internal voltage 
Theoretical voltage across cale. from 


no-load value d-c load measured voltage 


Full load 
Measured Measured Internal voltage Theoretical 
voltage across current on on d-c side calc. voltage 
d-c load d-c side from meas. voltage on d ¢ side 


% 
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By properly proportioning r, and x, any required re- 
duction in the harmonic can be obtained. The size of 
the filter depends upon the reduction required, the 
greater the reduction the larger the filter. 

The losses in such an equipment practically entirely 
are those in the series d-c reactor. The losses in the 
shunt circuit consisting of inductance and capacitance 
are negligible. In general the internal reactance 2%» of 
the rectifier is small so that the error in using «x, instead 
of 2) + 2, in the above formula is not very great. 


Part II—CURRENT AND VOLTAGE WAVE SHAPES ON 
THE A-C SIDE 


The wave shape of the current in the a-c line which 
supplies a rectifier is shown first by considering the 
theoretical wave shape at no-load (light load) and then 
considering the modification of the wave shape when the 
rectifier is carrying load. The rectifiers considered are 
the 6-phase rectifier and the 12-phase rectifier supplied 
in either case from a 8-phase a-c system through suitable 
transformers. The current on the a-c side which will be 
analyzed is the current in the 3-phase line that connects 
the rectifier transformer to the supply generator or 


TO A-C 
SUPPLY 


Fiq. 7—6-PHase STAR 
RECTIFIER 


TO D-C LOAD 


system. The voltage on the a-c side refers to the line- 


to-line voltage of the supply line at the transformer 
terminals. 


Theoretical Wave Shape of the Current at Light Load 


The case of a 6-anode rectifier with transformer con- 
nected delta on the primary side and star 6-phase on the 
secondary side, as in Fig. 7, is considered. The load on 
the d-c side may be assumed to be a high resistance so 
that the current is small compared with the normal load 
current, and the transformer exciting current may be 
considered as negligible. The rectifier permits current 
to flow only in the positive direction and the anode 
which has the highest positive potential carries the cur- 
rent. During the conducting period for this anode the 
rectifier and its load may be thought of as a simple a-c 
circuit with resistance. It is assumed that the voltage 
applied to the rectifier is a sine wave. The conducting 
period for any one anode is one-sixth of a cycle of the 
supply voltage. At the end of the conducting period 
the next anode becomes higher in potential (see Fig. 1) 
and carries the current. The current then follows the 
shape of another sine curve displaced 60 degrees from 
the first. The curve of the current in each line of the 
supply circuit can be plotted by tracing the current 
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through the complete cycle and the shape is found to 
be as shown in Fig. 8. This is not a sine-shaped current 
although the supply voltage was assumed to be a pure 
sine wave. 

It may be noted that the current wave of Fig. 8 
approximately is rectangular in shape although the top 
is rounded slightly since it follows the shape of two sine 
curves displaced 60 degrees from each other and cut off 
at intervals of 30 degrees on either side of the maximum. 
As a first approximation it might be assumed that the 
current wave is rectangular as in Fig. 9 and has the same 
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average height as the wave of Fig. 8. These waves will 
be called round-topped and flat-topped to distinguish 
them from each other. 

The curves of Figs. 8 and 9 have been analyzed be- 
fore.’ The Fourier series for the flat-topped wave in 
Fig. 9 which may be considered as the theoretical no- 
load current wave for the star 6-phase connection with 
delta-connected primary is 


Hy By 1 aes 
i - =Y**[ sin @— sin 50— sin 76 - 
T 5 ff 
Laat 110 il in 186 | 16 
+ Ws + ig 5 ives (16) 


Fig. 10 shows the theoretical no-load current wave 
(flat-topped) for a different 6-phase connection. This 
is called the double-wye 6-phase connection with delta- 
connected primary. The two wyes are connected by an 
interphase transformer that causes the load current to 


Fig. 9—No-Loap 
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be divided between them. The Fourier series for this 
curve is 

: 3l : 134% iL 

t= —| sin 6 + ~~ sin 59 + 7 sin 76 


T 


al som ha 
+p sin 110 + =-sin 130+... | (17) 


It may be noted that the harmonics that are present 
in either of the 6-phase rectifiers are the 5th, 7th, 11th, 
18th, 17th, etc., and may be given by the general 
formula 6m + 1 where (m = 1, 2, 8,...). The magni- 
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tude of any given harmonic inversely is proportional to 
the order of the harmonic for these connections and 
other 6-phase connections. The phases of the har- 
monics, however, may be different for different con- 
nections as may be seen by comparing the signs of the 
terms in equations (16) and (17). 

An analysis of the round-topped wave in Fig. 8 gives 
the Fourier series 


) 3.30819 _ : 
| a [sin 6 — 0.226 sin 50 — 0.118 sin 76 
+ 0.091 sin 114 + 0.065 sin 130 
— 0.0567 sin 176 — 0.0454 sin 196 
+ 0.0412 sin 236 + 0.0349 sin 256 — .. |] 
(18) 
By changing the signs of the coefficients of the 5th, 
7th, 17th, 19th harmonics inside the square brackets in 
(18) and appropriately modifying the multiplying factor 
the Fourier series for the wave in Fig. 10, when modified 
by rounding the tops of the wave can be obtained. 
Since the analysis with this type of wave is much more 
difficult and since in most cases the rectifier operates so 
that the waves are flat-topped the discussion following 
is based upon equations (16) and (17). 


Fie. 10O—No-Loap 
CURRENT WAVE 
SHAPE FoR Dov- 
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Figs. 11 and 12 show current waves for two different 
12-phase connections at no-load. The Fourier series 
for the curve in Fig. 11 is 

Za 31 


1 sin 0 —-__- sin 116 — = 


1 1 
m cos 7/12 11 jg sin 186 


it i a] 
4 Be pe 93 sin 230 -- =. OB sin 256. (19) 
The Fourier series for the curve of Fig. 12 is 


4/31 : jt oo, 
os eae [ sin 6 + Wn 116 + 3. sn 136 


= sin 250... ] (20) 

The harmonics which are present are the 11th, 13th, 
23rd, 25th, etc., and may be given by the general 
formula 12m + 1 where (m = 1, 2, 3,...). The magni- 
tudes of these harmonics inversely are proportional to 
the order of the harmonic. The Fourier series when the 
waves are round-topped may be written down by taking 
the appropriate coefficients from equation (18). As in 
the 6-phase case, the magnitudes of the harmonics are 


1 
| S57 53 sin 230 + 
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the same for different connections but the phases may 
be different. While the harmonics of the order 6m + 1 
where (m = 1, 3, 5,...) theoretically are zero in the 
12-phase rectifier, in actual practise small amounts of 
these harmonics may be found. ‘These harmonics are 
discussed later. 


Theoretical Wave Shape of the Current Under Load 
Conditions 


When the rectifier is carrying load the effect of 
inductance in the circuit cannot be neglected. On ac- 
count of inductance the current cannot be transferred 
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instantly from one anode to another and overlapping 
takes place as stated in Part I. The current waves 
therefore must be modified to show a gradual building 
up of the current when the phase becomes active and a 
gradual falling off when the phase becomes inactive. 
The calculation of the wave shape would be very com- 
plicated if all of the factors, such as resistance and 
inductance on both sides, exciting currents of trans- 
formers, wave shape of the voltage applied to the 
rectifier, etc., were taken into account. In view of the 
fact that some of the factors entering into the problem 
cannot be controlled, for instance the wave shape of the 
supply system voltage, the lengthy calculations in- 
volved would not be justified. 
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As a first approximation the theoretical current waves 
at no-load (flat-topped) will be modified to allow for the 
effect of overlapping and other factors will be neglected. 
The curves so obtained can be analyzed easily. It is 
shown in the discussion of the test results below that 
the values of the harmonics obtained from such an 
analysis correspond approximately to the upper limit of 
the corresponding harmonics obtained by test. 

The curve from Fig. 9 when modified for overlapping 
has the appearance of the curve shown on Fig. 18. The 
zero point will be taken as the point where the phase 
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considered begins to carry current; this is 80 degrees to 
the right of the zero point in Fig. 9. The angle of over- 
lap is represented by u. From the analysis upon which 
formula (7) for the angle of overlap is based’ the cur- 
rent during the interval from zero to wu is given by the 
formula 


; E, sin 7/p 


1 = X (1 — cos @) 


where 6 is the electrical angle and the other symbols are 
as defined under formula (7). When the load current is 
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transferred to the next phase there is a similar current 
in the opposite direction so that it subtracts from the 
load current until the current in the phase is reduced to 
zero. If it is assumed that the above equation applies, 
the positive half-cycle of the wave of Fig. 18 can be 
represented by the following equations that have been 
written in terms of the load current J and the angle of 
overlap wu from equation (7). 


: Ve 
B= a enagp, e208 @) 0<0<4 
=a u<@< 27/3 
= Miecaes, [cos (8 — 27/8) — cos u)] 

(27/8) < 0 < (27/8) +4 
i=0 (20/3) +u<O0<a 


The current as given by the above equations can be 
expressed in a Fourier series 


4 = aisin 0+ a;sin 56 + a;sin76 + ai,sin110 
+ da;3 sin 186... + 6b, cos 6 + b; cos 56 + b, cos 70 
+ bi: cos 116 + 6:3 cos 1380+... (21) 


There are no even harmonics in the wave since it is 
symmetrical. The coefficients a, and b, are given by 
the formulas 


AI 7 Qsin (m7/8) — P cos (m7/8) 


ie m (m2 — 1) (1 — cos u) a) 
=F sin (m7 /3) + Q cos (m7/8) : 
ee m (m2 — 1) (1— cos u) SEBUM 


In these equations 


P = msin u cos mu — cos u sin mu 
Q = msinusinmu + cosucosmu—1 
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The magnitude of the mth harmonic is 


AT / P? = 
a m(m?— 1) (1 — cos u) 


V Om + Om? = sin (m7 /8): 
(22): 
The formulas for a, and 6, do not apply to the 
fundamental because the numerator and the denomina- 
tor of the expressions in the square brackets become 
zero when m = 1. The values of the coefficients for 
the fundamental are 
NBS 
2m 


[ 4/3 sin? u + (wu — sin u cos u) 
1— cosu 


we IT rprsimu— J 38 (u — sin u COs 2%) 
bi =: [ 
27 1 — cosu 


V/a"+br= / (u—sin u cos w)?+sin! u 


a (1—cos u) (23) 
At the light load the numerator and the denominator 


of expressions in the square brackets in a,, and b, ap- 
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proach zero. The indeterminate expressions can be 
evaluated and the coefficients are found to be the same 
as in equation (16) provided an allowance is made for 
a different position of the zero point (see Figs. 9 and 
3). 

Percentage values of the harmonics have been calcu- 
lated from equations (22) and (23) and are shown in 
Figs. 14 and 15. It ean be shown by analysis that for 
any given angle of overlap the percentage values of the 
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harmonics are the same for other 6-phase connections 
if the same assumptions are made as to the shape of 
the current in each secondary phase. 

The current on the a-c side of the 12-phase rectifier 
can be analyzed in a similar manner. Fig. 16 shows the 
shape of the load-current curve for the 12-phase con- 
nection which reduces to the curve of Fig. 12 at no-load. 
An analysis shows that for any given value of the angle 
of overlap the 11th, 18th, 28rd, 25th, etc., harmonics 
have the same percentage values as in the 6-phase 
rectifier with the same angle of overlap, and the 5th, 
7th, 17th, 19th, ete., harmonics are zero theoretically 
provided the angle of overlap for the different pairs of 
secondary windings is the same. The same result is 
obtained for other 12-phase connections. 


Ww 
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The results of this analysis are useful for making 
preliminary estimates of the values of the harmonics 
of the current to be expected at any given load when the 
impedance of the transformer and the supply system 
are known. The angle of overlap can be calculated by 
formula (7) and percentage values of the harmonics 
‘read from the curves of Figs. 14 and 15 (see discussion 
of test data below). 


Test Data on Harmonics in A-C Voltage and Current 
Table III gives the results of tests on the a-c supply 
of a 6-phase, 500-kw rectifier at approximately full load. 
The percentage values of current obtained from Figs. 
14 and 15 for the calculated overlap are also shown. 
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The discrepancy between the 5th and 7th harmonics 
obtained from the curves and those actually measured 
is considerable. For the higher harmonics the agree- 
ment is reasonably good. It also may be noted that if 
the theoretical no-load percentages for the harmonics 
were taken as applying to the full-load condition the 
results would be very much in error. 

The results of a similar set of tests and calculated 
values on a 12-phase rectifier are shown in Table IV. 
There is reasonable agreement between this test and 
calculated values of the 11th, 13th, 23rd and 25th 
harmonics at full load. At half load some differences 
occur. The theoretical values of the 5th, 7th, 17th and 
19th harmonies are zero, as pointed out previously. 
Actually these harmonics are present and at full load 
their magnitudes approximately are one-fourth of the 
values for the corresponding harmonics in the 6-phase 
rectifier in Table III. 


TABLE III—TEST AND CALCULATED DATA FOR 6-PHASE, 
500-KW RECTIFIER AT APPROXIMATELY FULL LOAD 


Theoretical Theoretical 
no-load A-c voltage A-c current current 
current under load under load under load 

Harmonic % % % % 
Eat oe aleve chee ZOO is he exenale o2 Dal Siren sre atta GEDEsaterersharrers 15.2 
Wis drapege estes pe aR eran pee ae OLS Treen sees Bera ce ete, Aver 8.3 
OL ore etertetecs OL ieee tes ONO ep tas DB ricdade cee 2.5 
5S ana iat dee Ae OsBB Se cincserss SRB ae tea cate tks 6 
apts ape seco Fer usckataveehe ONS TS cceece O82 55 Fas oness 1.2 
LQ clases BEB ics Siaraishe cs 0.26 2s omens O65 J iWasrestee 0.85 
23 Moves BeBe Soe ses OslO TR. cosh OS 30a. eet: 0.6 
OS ee aoe Bic AN OO ss tapciae's OSS Me eects ON4S iS enc ert 0.5 


It may be pointed out that although the percentage 
values of the harmonics in the current wave decrease 
with load, their actual values in amperes increase with 
load due to the increase in the fundamental on which the 
percentage is based. 

Test values of the 11th, 18th, 23rd and 25th har- 
monics in the current on the a-c side for several recti- 
fiers are compared with the calculated values obtained 
by analyzing the theoretical current wave in Figs. 17 
to 20 inclusive. The percentage values of the har- 
monics are plotted against an arbitrary scale that is 
proportional either to the load current or the total 
impedance of the transformers and supply system when 
the other remains constant. This is based upon formula 
(7) which shows that changing the impedance has the 


TABLE IV—TEST AND CALCULATED DATA FOR 12-PHASE, 1,000-KW RECTIFIER 


50% load 
Theoretical 


no-load current A-c current 


A-c voltage 


Theoretical current 


100% load 


A-c voltage A-c current Theoretical current 
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same effect upon the angle of overlap as changing the 
load. An angle of overlap of 20 degrees was taken as a 
convenient reference point and marked 100. The upper 
scale (which is not a uniform scale) shows the angles of 
overlap. If the angle of overlap for a particular load is 
known the point on the lower scale corresponding to 
that load can be found by referring to the upper scale. 
Since the lower scale is proportional to the load the 
point corresponding to any other load then can be found 
without having to calculate the angle of overlap. It 
may be noted that the calculated curves correspond 
approximately to the highest values of the harmonics 
in the current obtained by test. Many of the test 
points are somewhat below the calculated curves so 
that in estimating the harmonics the curves may be 
taken as an upper limit. It is hoped that further studies 
will lead to methods for calculating the harmonics more 
closely for individual cases. 


Comparison of Current Wave Shapes of 6-Phase and 12- 
Phase Rectvfiers 


In the 12-phase rectifier the 5th, 7th, 17th, 19th, etc., 
harmonics which should theoretically be zero actually 
are present in small amounts as noted with reference to 


Fig. 16—Cur- 
RENT WAVE SHAPE 
or 12-PHasE Rec- 
TIFIER UNDER 
Loap CoRRE- 
SPONDING TO THE 
No-Loap Wave 
SHAPE ON Fa. 12 


Table IV. These harmonics are due to various causes 
such as the presence of the corresponding harmonics in 
the a-c supply system, difference in exciting currents of 
transformers and interphase transformers, or any con- 
dition that may give rise to unequal division of load 
between two groups of 6 phases. Table V shows the 
average percentage values of harmonics in the a-c 


TABLE V—COMPARISON OF WAVE SHAPES OF THE CURRENT 
ON THE A-C SIDE OF 6-PHASE RECTIFIERS AND 12-PHASE 
RECTIFIERS 


6-phase rectifier 12-phase rectifier 


Average Theoretical Average 

Theoretical test value no-load test value 

no-load value* with load value* with load 
Harmonic per cent per cent per cent per cent 
Pentarwvn ss 100.0 LOO AO)... acrssuenne LOOTU Rees 100.0 
5 PAD OS Merrett: LOO Casares ONO i siete 2.4 
7 14.3 Gi. Oba siete 0.0; 1.2 
1 Ie A tee RP * V a r tEY fn Pe Denier ss ore 3.5 
Ee iets Sern, Tied RR YS Nites oe AO sens APR le tose rates ce 2.6 
Lime etre LOSOK occ Were he al ae 0.00... 0.5 
er eee eT OOo, au tet ter OL sO. o,. GCZ005.. 0.4 
ES asthe 7 KS TER CE RCTO RDC Onsen Bh OA: Nerext et one 0.6 
21 sSE ee oie ee |, Renee Oui@ cartes te BOON er ae Ene 0.5 


*These values apply to flat-topped waves (see discussion of Theoretical 
Wave Shape of the Current at Light Load). 
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supply for several 12-phase rectifiers that have been 
tested. Average values for 6-phase rectifiers are shown 
in the table for comparison. It may be noted that the 
percentage values of the 11th, 183th, 28rd and 25th 
harmonics practically are the same for either 6- or 12- 
phase operation. The percentage values of the 5th, 
ANGLE OF OVERLAP 
25. 30° 


{0} 10S eaiS= 26° 355 40° 


fal | pe} 
i} 
fo ait t 
| | ! ia & RECTIFIER NO.I 
oO NO.2 
+ | 
x NO.3 
Bi | 4 +NO.4 
| VNO.5 
+ 
| 
| 


ie} x 


HEE EEE 
jeseeeaueeeuan A 


0 20 40 60 80 


o 0 


Sj 
® 


ONO.6 
@® NO.7 
@ NO.8 
BNO.9 


io) 


is 


w 
4 


tw 


PERCENTAGE VALUE OF 114 HARMONIC 
on 


100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 
RELATIVE LOAD OR IMPEDANCE SCALE 
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7th, 17th and 19th harmonic currents approximately are 
one-fourth of the corresponding values for the 6-phase 
rectifier. 


Effect of Rectifier Upon the Wave Shape of the Voltage on 
the A-C Supply Line 

It has been shown in the preceding discussion that 

the current supplied to a rectifier from an a-c system 

contains higher harmonics. These harmonic currents 

flowing in the impedance of the supply system produce 

harmonic voltages which distort the voltage on the line 
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supplying the rectifier. When the rectifier is supplied 
from a power system of large capacity compared with 
the rectifier and the impedance of the connecting circuit 
is low the distortion of the a-c voltage is small. When 
the rectifier is supplied from a system that has a fairly 
high impedance the voltage on the a-c supply line is 
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distorted even though the no-load voltage of the supply 
generator is a fairly good sine wave. From a knowledge 
of the harmonic currents obtained from the curves and 
the impedance of the system the magnitudes of the 
harmonic voltages can be estimated for 6-phase or 12- 
phase operation for any given case. In using the curves 
in Figs. 17 to 20 for making these estimates the im- 
pedance of the system at the harmonic frequency under 
consideration should be used. 

The tests in Tables III and IV show an example of 
rectifiers operated on low-impedance systems. The 
harmonic voltages on the a-c side with the rectifier 
operating at normal load are comparable in magnitude 
with those normally present in the system, showing that 
the distortion due to the rectifier was small. 

The test in Table VI shows an example of a 12-phase 
rectifier operated on a generator which had a high 
impedance. In that test the harmionic voltages on the 
a-c side with normal load on the rectifier (except the 5th 
harmonic) were large compared with the harmonic 
voltages in the wave shape of the generator at no-load. 
It may be noted that the 11th, 18th, 23rd and 25th 
harmonics are larger than the others as would be ex- 
pected with 12-phase operation. 


Methods of Modifying the Current and Voltage Wave 
Shapes on the A-C Side 


The wave shape of the current supplied to a 6-phase 
rectifier or a 12-phase rect fier from the a-c supply sys- 
tem can be modified by adding apparatus on the a-c 
side. One scheme is to provide a local circuit in which 
the higher harmonic currents that are required by the 
rectifier in its normal operation can flow. Reactance 
then may be added in the supply lines to prevent the 
higher harmonic currents from flowing in the supply 
system, but the reactance used must not exceed the 
amount that is permissible for normal operation of the 

_rectifier. The apparatus generally is called a filter. 


TABLE VI—TEST DATA ON 12-PHASE, 1,000-KW RECTIFIER 
SUPPLIED FROM 2,000-KW ALTERNATOR 


A-c voltage A-c voltage A-c current 
rectifier full-load full load 

not operating on rectifier on rectifier 
Harmonic % % % 
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The shunt element may correspond to the resonant 
shunts that are used for modifying the wave shape on 
the d-c side, discussed previously. There are other 
types of shunt elements that can be used, depending 
upon the frequencies of the harmonics that are to be 
reduced and the reduction desired. The calculation of 
the reduction in the harmonics in the current for any 
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given arrangeinent can be made along the lines briefly 
discussed in connection with the d-c voltage although 
the computations generally are more complicated. _ 
When the rectifier is supplied from a 3-phase power 
system the filter must be 3-phase so that 8 series re- 
actors and 3 shunt elements are necessary. The pre- 
vious discussion also shows that for each harmonic on 
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the d-c side there are 2 corresponding harmonics on the 
a-c side—for instance, the 5th and 7th on the a-c side 
correspond to the 6th on the d-e side. Thus if the 
resonant shunt type of filter is used, for each shunt on 
the d-c side a total of six is required on the a-c side. 
This makes the apparatus for modifying the a-c wave 
shape more expensive and more bulky than that re- 
quired for a given modification on the d-c side. - 

Another method of modifying the wave shape in 
theory would be to use an increased number of phases. 
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At the present time it has not been found practicable to 
use more than 12 phases, and it hardly seems desirable 
to attempt to increase this number until the causes of 
the presence of harmonics which should be eliminated 
by such a connection can be controlled more thoroughly. 

The authors desire to acknowledge the assistance of 
Mr. C. W. Frick in the preparation of this paper. 
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Discussion 


P. W. Blye: The wave shape distortion in the alternating- 
current and direct-current systems associated with a mercury are 
power rectifier, discussed in the paper by Messrs. Brown and 
Smith, presents interesting problems from the standpoint of 
inductive coordination with exposed telephone circuits. The in- 
creasing use of the rectifier in connection with d-c railway systems 
and its further application in high-powered radio broadeasting 
stations have made these problems of increasing importance to 
the telephone companies. 

Several of the earlier rectifier installations on street railway 
systems resulted in severe noise interference on telephone circuits 
exposed to the d-c trolley and feeder systems involved. This 
interference was due to the even harmonics in the rectifier output 
cireuit described in the Brown-Smith paper. As a result of the 
joint efforts of the electrical manufacturers and the telephone 
companies, filters were developed which have proved effective 
as a means of suppressing these disturbing harmonic components 
and permitting satisfactory coordination with exposed telephone 
circuits. These filters are now quite generally used where inter- 
ference from the d-c¢ circuits occurs. 

In general, the problem involving wave shape distortion in the 
a-c supply circuit to a rectifier appears to be more difficult. 
Except in the case of the smaller rectifiers the use of filters has 
not, up to the present time, been found practicable due chiefly 
to the larger number of harmonics present and the greater 
magnitudes of these harmonics as compared to those in the d-e 
output circuit. In one ease, however, involving a rectifier of 
approximately 200 kw associated with a 50-kw broadcasting 
station, a filter was provided in the 2,300-volt a-c supply circuit 
consisting of an inductance of approximately 13 mh in each 
phase wire and a delta-connected bank of shunt capacitors of 
15-uf each. This filter provided a practicable and successful 
means of improving wave-shape conditions on the a-c supply 
circuit. 

The importance of the rectifier wave-shape problem has been 
recognized by the Joint Subcommittee on Development and 
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Research of the N.E.L.A.! and the Bell Telephone System and 
its Project Committee on wave shape has recently presented a 
Technical Report on the subject. This report presents an em- 
pirical method of computing the harmonic voltages and currents 
to be expected from a rectifier and discusses various other phases 
of the problem including remedial measures applicable in the 
power system. 

As brought out in the paper by Messrs. Brown and Smith, 
the voltage wave-shape distortion on the supply circuit is pro- 
portional to the product of the harmonic currents resulting from 
the rectifier operation and the impedance of the supply system at 
harmonic frequencies as looked at from the rectifier. Where a 
rectifier is supplied directly from a relatively large source of 
power the impedance of this source at harmonic frequencies 
would be expected to be relatively small and the voltage distor- 
tion would, therefore, be expected to be unimportant. In this 
case, however, considerable distortion of the current wave-form 
would be expected on the feeder supplying the rectifier. Where 
a rectifier forms an appreciable part of the load on a system or 
where it is supplied over a fairly long circuit or at a comparatively 
low voltage, the voltage wave-shape distortion, particularly on 
the supply feeder, may be considerable. Furthermore, this 
wave-shape distortion may not be confined to the particular 
feeder from which the rectifier is supplied, but under certain con- 
ditions may extend over a considerable portion of the supply 
system. 

In studying possible effects of a proposed rectifier installation 
on supply system wave shape, it is, of course, very important 
that a method be available for estimating the magnitudes of the 
harmonic voltages and currents to be expected. The method 
suggested by Messrs. Brown and Smith should prove useful as a 
means of computing the approximate magnitudes of these 
harmonics. 

It is noted that the method proposed by the authors for esti- 
mating harmonic currents makes use of the system impedance at 
fundamental frequency only. This apparently is based on the 
assumption that the sum of the transformer and system im- 
pedanees is a simple inductive reactance and that the impedance 
at any harmonic frequency is, therefore, directly proportional to 
that at the fundamental frequency. The writer’s experience, 
based on a number of field cases, indicates that the harmonic 
impedance, which is a combination of inductive and capacitive 
reactances, may bear no direct relation to the fundamental fre- 
quency impedance. At the important harmonic frequencies the 
system reactance frequently is capacitive and in several cases 
series or parallel resonant points have occurred at or near these 
important frequencies. In such eases, the magnitudes of the 
important harmonic currents from a rectifier may considerably 
be modified. For example, at or near points of parallel resonance 
the harmonic currents are comparatively small. For points of 
series resonance between the transformer and the system, how- 
ever, the currents are relatively large approaching the theoretical 
values obtaining in the ideal case of no supply system reactance. 
In such cases it would appear that the accuracy of the method 
proposed by Messrs: Brown and Smith would be considerably 
poorer than in cases in which the supply system impedance is a 
simple inductive reactance. 

H. Winograd: The writer compares equations (2), (5), and 
(6) in the paper by Messrs. Brown and Smith with the corres- 
ponding equations on pages 90 and 91 of the book, ‘“‘Mereury 
Are Power Rectifiers,’ to which reference is made in the biblio- 
graphy appended to the paper. The corresponding equations in 
the book are 
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1, The participation of the electric light and power industry is being 
continued in this endeavor under the auspices of the Edison Electric 
Institute. : 
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Disregarding the differences in the symbols, equations (2), 
(5), and (6) in the paper differ from the foregoing equations in 
that they have an added factor, cos m7r. The effect of this factor 
is to multiply the expressions for the odd harmonies by — 1, and 
the expressions for the even harmonics by +1. It should be 
pointed out that the equations in the paper and the corresponding 
equations in the book give identical results. The apparent dis- 
crepancy is due to the fact that the equations in the book were 
derived using the point of intersection of 2 consecutive sine 
waves as the reference point (see Fig. 37 of the book), while in 
the paper the maximum point of the sine wave was used as the 
reference point (see Fig. 2). 

The effect of shifting the reference point on the expression for 
the harmonics can readily be seen from Fig. 1 of this discussion 
showing several sine waves of harmonics. These sine waves do 
not represent the actual harmonics in the rectifier voltage wave; 
they are used merely for illustration. If O is used as the origin, 
the sine waves are expressed by a:sin 0, az sin 20, a; sin 36, 
a,sin 40. If O’ is used as the origin, the expressions for the same 
sine waves are, — a; sin 0, az sin 20, — a3sin 36, asin 40. The 
expressions for the odd harmonies have to be multiplied by — 1, 
since the negative half cycle of these harmonics starts at O’. 
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In discussing the effect of harmonies in the a-c supply voltage 
' on the wave shape of the d-c voltage of the rectifier, the authors 
have brought out that the presence of a 5th or 7th harmonie in 
the a-c supply voltage introduces a 6th harmonic into the d-e 
voltage of a 12-phase rectifier, this is due to the difference of the 
phase position of these harmonies in relation to the phase voltages 
of the two 6-phase groups that make up the 12-phase system, and 
which are displaced from each other by 30 electrical degrees. It 
should be mentioned here that the presence of these harmonics 
also may produce unequal d-c voltages from the two 6-phase 
groups, with the result that one of the 6-phase groups comprising 
the 12-phase system, and the anodes connected to that group, 
will take more current than the other 6-phase group. Such eur- 
rent unbalance would produce saturation in the core of the inter- 
phase transformer connected between the 2 groups. It would be 
interesting to know what experience the authors had in connec- 
tion with this effect of harmonies in the a-c supply voltage on a 
12-phase rectifier system. 

H. E. Kent: Wave shape distortion associated with the opera- 
tion of mercury are rectifiers, discussed in the paper by Messrs. 
Brown and Smith, is of particular interest in the coordination of 
power and telephone circuits as regards noise induction. The 
Joint Subcommittee on Development and Research of the 
N.E.L.A. and Bell System has been working on the general 
problem of coordination for the past 10 years and recently has 
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devoted considerable attention to the effects of rectifiers. Par- 
ticular study has been given to the wave-shape distortion on the 
a-c supply system as recent cases involving noise induction have 
been more concerned with the a-c side than with the d-c side. 

In the problem of noise induction, the power system wave 
shape is only one of several significant factors. Among other 
factors of importance are the balance to ground of the power 
lines, the coupling between the power and telephone circuits, and 
the type and balance of the telephone circuits. These were dis- 
cussed in a paper by Messrs. Wills and Blackwell, entitled Status 
of Joint Development and Research on Noise Frequency Induction, 
presented as Part JZ of the Symposium on Coordination of 
Power and Telephone Plant at the January 1931 Winter Con- 
vention, (A.I.E.E. Trans., June 1931, p. 448). More detailed 
quantitative discussions of certain of these factors are contained 
in various Engineering Reports of the Joint Subcommittee on 
Development'and Research. 

A brief description of a recent case of noise induction involving 
a rectifier may serve to illustrate the bearing of factors other 
than wave-shape distortion on this problem. In this particular 
situation, 2 rectifiers, each of 1,000-kw capacity, were installed to 
supply power to a 600-volt d-c street railway system. No in- 
ductive coordination difficulties resulted from the operation of 
rectifier No. 1. About a year later rectifier No. 2, identical with 
No. 1, was installed and considerable telephone noise trouble was 
encountered. Both rectifiers were supplied from’ the same 
generating station, of about 100,000-kva capacity, rectifier No. 1 
over 3 miles of 13-kv cable, and rectifier No. 2 over 3 miles of 
13-kv overhead line. Because of the lower impedance of the 
cable circuit as compared to that of the overhead line, the volt- 
age wave-shape distortion at rectifier No. 1 was 25 per cent less 
than that at rectifier No. 2. However, this difference was not 
sufficient materially to affect the problem. 

In neither case were there any telephone circuits exposed to the 
power circuits between the rectifier and the generating station. 
The 13-ky circuit feeding rectifier No. 1 also supplied power at 
that point to several 4-kv distribution circuits serving that por- 
tion of the city. This was a closely built up area and all tele- 
phone circuits exposed to the power distribution system were in 
eable. 


The 13-kv circuit feeding rectifier No. 2 continued 5 miles 
beyond the rectifier substation to a distribution substation where 
the voltage was transformed to 11 kv to serve a fairly extensive 
3-phase 4-wire system in a suburban area. The wave-shape 
distortion resulting from the operation of the rectifier was trans- 
mitted without appreciable change to this distribution system. 
The nature of the power loads was such that it was feasible to 
use several fairly long single-phase extensions. A considerable 
portion of the telephone circuits in this area was in open wire, 
and tree conditions were such that in a number of cases the power 
and telephone circuits were in comparatively close proximity. As 
a result of the combined effect of higher distribution system 
voltage, power circuit unbalance to ground introduced by single- 
phase extensions, greater coupling, and greater susceptibility of 
telephone circuits in open wire, considerable noise induction 
was experienced in the suburban area while no difficulty was 
encountered in the city area affected by the operation of rectifier 
No. 1. 

As is implied in the above, wave-shape distortion is not reduced 
appreciably in transformation from one voltage to another. This 
is important in another type of problem where a rectifier is sup- 
plied from a high voltage transmission line. If the capacity of 
the rectifier and the system impedance at harmonic frequencies 
are such that wave-shape distortion is caused, this distortion 
can be transformed to any lower voltage distribution system 
supplied from the transmission line. There have been some cases 
of this character where the wave-shape distortion on the distri- 
bution circuits has been considerably more important than that 
on the transmission circuit feeding the rectifier. This was be- 
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cause the distribution circuits had a greater coupling with the 
telephone circuits as a result of joint construction, and because 
they involved a considerably larger amount of exposure with 
telephone circuits than was the ease with the transmission circuit. 

The information presented in the paper by Messrs. Brown and 
Smith should be of assistance in making estimates of the effects 
of rectifiers on wave shape previous to actual installation. Such 
advance consideration of possible inductive coordination re- 
actions may be particularly advantageous where there is a choice 
in the method of feeding the rectifier. 

J.J.Smith: Messrs. P. W. Blye and H. EK. Kent refer to the 
importance of the study of wave shapes in the coordination of 
power and communication systems. On account of space the 
paper was limited to a discussion of the wave shape. The authors 
have been in contact with a considerable amount of the work 
which both discussors have done in this type of coordination 
problem. The formula which they have developed and the 
methods they have used give good results in the study of such 
eases. It is hoped that at some future date they will present the 
results of their work in a paper before the Institute. 

With reference to Mr. Blye’s point as to the proper impedance 
to use, we have found that in cases where system impedance 
is a non-inductive reactance the best results for any particular 
harmonic are obtained by taking the impedance of the system 
and transformer at the frequency of that harmonic and reducing 
it to the fundamental frequency. The equivalent impedance thus 
obtained should then be used in the curves. This point is not 
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made clear in the paper. It is not based directly upon the 
analysis of the various waves given, but it has been found that 
it gave the best approximation in a number of instances. 

We have ealeulated a number of individual cases both by 
the method given in the paper and by the method developed by 
the Project Committee of the Bell Telephone System and the 
Edison Electric Institute. The agreement between the two 
methods is reasonably good and also gives good approximation 
to the measurements obtained on actual installations. 

Mr. H. Winograd points out the difference between phase 
angles of the harmonics in the d-e voltage wave given in equa- 
tions (2), (5), and (6) of the paper and those in the book en- 
titled ‘‘Mereury Are Power Rectifiers’’ by Marti and Winograd. 
There does not seem to be unanimity in the literature with 
reference to the zero point which should be chosen for such 
rectifier waves. It would materially simplify comparison of 
analyses by various authors if a preferred reference point could 
be agreed upon. 

The effect of the 5th or 7th harmonic on the 12-phase rectifier 
introducing a 6th harmonic in the d-c voltage wave shape has 
been referred to in the paper. It also has been pointed out that’ 
due to various causes unbalances may also arise between 6-phase 
groups. These unbalances have been studied to determine 
whether their magnitude can be reduced but the authors have 
not attempted to separate the unbalaneces which may be due to 
the effects of harmonies on the a-c voltage from those due to 
other causes. 
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THE STABILITY PROBLEM 


HE electric arc is used in welding as a convenient 

means for heating portions of materials which are 

to be fused, melting the material used for the fusing 
process, and transferring this material to the weld. It 
is essential that the progress of these three functions 
be continuous. Consequently, the rate of heat produc- 
tion at the two terminals of the arc should not be sub- 
ject to wide variation. This means that the current, 
and the voltage drops at the anode and cathode of the 
are should remain substantially constant during weld- 
ing. By “stability” as applied to the welding arc, it is 
desirable therefore to understand not only that the are 
should not become extinguished when subjected to 
various external influences, but also that its current and 
anode and cathode drops should reasonably be constant. 


The d-c welding generator as designed and con- 
structed to supply welding power for a single operator, 
makes use of a compound field or its equivalent in order 
that the terminal voltage can be made to fall with in- 
creasing current, but without incurring the losses inci- 
dental to the use of series resistance for this purpose. 
On account of the transient interaction of the two fields 
however, it has been difficult to build such generators 
so that the arc to which they supply power is as stable 
as with a simple generator and resistance. The problem 
of the design of a suitable welding generator therefore 
becomes one of achieving are stability with a compound 
field which is equal to the stability obtained with the 
simple generator. To this end studies have been made 
of the transients peculiar to compounded machines’, but 
not with sufficient consideration of the properties of the 
arc itself. A description of the physical ways in which 

_the are becomes unstable does, however, lead to a satis- 
factory criterion for designing and testing welding 
generators that make possible a suitably stable arc. 


NATURE OF THE WELDING ARC 


The potential drop across the arc is divided into three 
parts: that across the cathode region, that across the 
positive column, and that across the anode region. At 
the cathode, primary electrons must be supplied in 
number sufficient, together with the positive ions also 
formed in the cathode region, to carry the total current. 
Two types of cathodes are recognized; the thermionic 
cathode from which electrons are emitted by virtue of 
high temperature of the cathode material, and the cold 
cathode in the region of which a sufficient number of 
electrons are emitted by virtue of high temperature of 
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the cathode material, and the cold cathode in the region 
of which a sufficient number of electrons are produced 
without high cathode temperature. For the welding 
arc, it is often tacitly assumed? that the cathode is 
thermionic. In the case where bare iron electrodes are 
used for welding, however, there is good evidence that 
the cathode is of the cold type. The existence of a non- 
thermionic cathode in a high current arc has been 
demonstrated in many cases,’ so that the possibility of 
such a cathode for the iron are must be admitted. 


Doane‘ indicates by calculations based on a heat 
balance at the cathode, that the energy input to the 
cathode is insufficient to vaporize all the material lost 
during the welding process. The temperature of the 
cathode must, therefore, be considerably lower than the 
boiling point of iron—or lower than 2,450 deg C. At 
this temperature, the thermionic emission from iron 
oxide, computed from’ 


i =AT?E-VY/T 
where A = 1.16 x 107 
and V =444 x 10 


is 0.0072 A/em?, a value much too small to carry ob- 
served welding currents. Iron being less active thermi- 
onically than its oxide would provide a still smaller 
current at 2,450 deg. 


MECHANISM OF INSTABILITY 


In the case of the thermionic cathode are, instability 
resulting from increases in the cathode drop is very un- 
likely because the time required for appreciable cooling 
and loss of emissivity of the hot cathode probably is long 
compared with the duration of transient external dis- 
turbing influences. In the case of the cold cathode are, 
however, an appreciable momentary increase in the 
cathode fall of potential, or in general, instability of the 
cathode which may amount to actual loss of the cathode 
spot, is certainly conceivable. 

On the basis of Langmuir’s theory of the cathode of 
an are, the electron emission from the cathode is effected 
by an intense electric field (of the order of 10° volts per 
cm) in the region near the cathode. This field is set up 
by a positive ion space charge in this region of very 
small dimensions and close to the cathode. (For a 
cathode drop of 10 volts, the depth of space charge is 
of the order of 10-* em.) Any suitable disturbing in- 
fluence of time duration comparable with that required 
for these ions to move, under impressed potential, this 
short distance to the cathode, will alter this space charge 
and require a greatly increased cathode drop to re-form 
it. Work by Attwood, Dow and Krausnick® on the re- 
ignition of a-c ares indicates that a cathode spot may be 
lost in a few microseconds. 
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However, in the d-c circuit in the case of loss of 
cathode spot and consequent fall of current, a voltage 
appears across the are space which in practical circuits 
will be of considerable magnitude, being larger the more 
sudden the decrease of current. Theoretical considera- 
tions indicate that under these conditions, with a poten- 
tial-applied between two electrodes in an ionized space, 
an ion current flows, which under certain conditions, 
will change over into an arc. The probability of such 
a “backfire” in case of the loss of a cathode spot is 
quite high, due to the magnitude of the suddenly im- 
pressed voltage and the short time allowed for diffusion 
of ions out of the are space. Consequently a complete 
loss of the cathode spot and arc extinction would appear 
doubtful. 

A second possible cause of instability in the arc is 
the increase of drop across the positive column. The 
positive column energy loss in an are in a monatomic 
gas is due principally to the diffusion of ions to the cooler 
regions of the discharge, or to walls, with resulting 
recombination and dissipation of energy equal to that 
required to ionize. To compensate for these ions lost 
from the discharge, ionizing processes must be set up, 
and thus a definite potential gradient appears in the 
space. This loss of energy is dependent upon the area 
on the bounding walls of the discharge and may be 
varied by changing the length or diameter of the dis- 
charge, or by introducing cool un-ionized gas into the 
are space, which cools the are and provides centers for 
recombination of ions. In a molecular gas these same 
processes occur, but in addition, disassociation as sug- 
gested by Alexander,? may be of importance. It con- 
sists in the loss of energy from the arc core by molecu- 
lar dissociation and the subsequent diffusion away 
from the core of the arc of the resulting atoms and their 
later recombination outside the high temperature region 
of the arc. 

In the positive column, the changes in ion density are, 
among other factors, due to diffusion which is a rela- 
tively slow process, especially when the dimensions are 
large and the gas pressure high. Thus, unless a very 
high degree of turbulence of the gas is had so that the 
arc is broken up into filamentary conductors inter- 
spaced by regions of cool un-ionized gas, (a condition not 
found in the welding arc), the time required for changes 
in positive column drop will be large. Experimentally, 
instability resulting from loss of the cathode may be 
distinguished from positive column disturbances by 
observing the rate of current decrease using an are in a 
proper circuit. 


EXPERIMENTAL OBSERVATIONS 


A test circuit was used which consisted of a 25-kw 
150-volt d-c generator having a water rheostat and an 
arc connected in series. A 500 uf condenser was shunted 
across the terminals of the generator. Its purpose was 
to permit a very rapid decrease in are current without 
the appearance of an excessive voltage across the are 
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such as would result if an ordinary inductive circuit 
were used. With the condenser present, only twice the 
open circuit generator voltage ever is possible across the 
are. Calculation shows that if the current in the arc is 
stopped suddenly the voltage across it is 

( tee | 
E\1- RN 


é 


sin Wi ) 


where 
E = generator voltage 
R = load resistance 
L = generator inductance 
C = series capacitance 
W = 1/./LC = 1,400 

An arc about 1 cm long between an iron electrode and 
an iron plate was ignited by separating its electrodes. 
The current was 50 amperes and the open circuit poten- 
tial 100 volts. The are would go out usually in one or 
two seconds. 

Both the cathode ray oscillograph and magnetic 
oscillograph were used to record the voltage and current 
of the are during extinction. Seventeen tests were made 
and in no case did the are current decrease to zero in 
tens of microseconds as would be expected if the cathode 
spot vanished and so “backfire” occurred. The results 
are summarized in Table I. Three tests were made with 
a tungsten cathode (which is thermionic) and gave 
exactly similar results. Loss of the cathode spot is 
very improbable in this case. 


TABLE I 

Time of current Method of 

Film No. decrease sec x 10-* starting 
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In oscillograms of are voltage obtained during weld- 
ing with iron electrodes (Fig. 1), pulsations of high fre- 
quency and small magnitude are always observed. In 
oscillograms obtained with a tungsten cathode these 
pulsations are absent entirely which suggests that they 
have their origin at the cathode. This was confirmed by 
placing a thin copper plate with a hole in it near the 
cathode and using the plate as a probe. With an iron 
electrode as cathode the same high frequency pulsations 
were obtained with an oscillograph element connected 
between cathode and probe as with another element be- 
tween cathode and anode, which shows definitely that 
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these pulsations have their origin at the cathode region. 
They do not, however, appreciably influence the sta- 
bility of the are. 

When using such a probe several oscillograms were 
obtained when the are went out. An absence of any 
rise in potential between probe and cathode during this 
time again indicates that the instability is not being 
caused by loss of the cathode spot. 

Thus it appears that the cause of instability in the 
welding arc is an increase in its potential drop due to an 
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increase in losses from the positive column, or possibly 
an increased cathode fall of potential which does not 
however amount to an actual loss of the essential 
cathode phenomenon. So far as external observations 
are concerned, instability producing disturbances are 
indistinguishable from simple lengthening of the are at 
an equivalent rate and hence for purposes of mathe- 
matical analysis, simple lengthening may be assumed as 
the disturbing influence. 


STABILITY CRITERIA 


A typical welding generator circuit is shown in Fig. 2. 
In this circuit let Ly be the inductance of the field cir- 
cuit including the leakage inductance of the generator 
field, and let L' be the total inductance of the armature 
circuit. Then these two equations express the voltage 
relationship in the two circuits. 


dy By 
dix yp : 


The generated voltage V may be expressed as a constant 
k times the algebraic sum of the field currents if the 
machine operates at constant speed, and saturation is 
neglected. 


Thus 


V=e=k@i—» (2) 
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The voltage es across the terminals of the arc is a func- 
tion of the current through it. The equations (1) are 
of interest for currents near to the welding currents, that 
is, only over a small range and the are voltampere 
characteristic during steady-state conditions, over this 
range, is practically a straight line of the form A — Bi. 
The transient arc characteristic differs from this straight 
line, however. For decreasing currents the difference in 
are voltage between the steady state and transient 
values is a constant times the rate of change of current. 
This is what is meant by the statement that an are has 
“inductance.”’ Therefore for e, the expression 


ai 
dt 
may be used, in which Ly is the are inductance. 
If L is defined as ZL! + La, then equation (1) becomes 


ex =A — Bit In (3) 


rey dis di di : 
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If these equations are solved, the resultant equation 
in? only is 
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Fig. 2—Wetpine GENERATOR CIRCUIT 


The steady-state value of 7, obtained by letting the 
derivatives of 2 be zero in (5) is 


kE— AR 
kR— BR 


The first criterion for stability of the welding arc is 
obtained from the steady-state condition, and is that I 
as expressed by (6) must be positive. This is equivalent 
to stating that the circuit voltampere characteristic 
and the are characteristic must intersect at steady state. 


) (6) 
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Equation (5) may be rewritten in the form 
d% 


da 
ee Ny 7 
Gp ee ae Le = 6 (7) 
The two roots of this equation are 
D=—-atVJa’— # (8) 
or 
D, = — a+ w where w = V/ a?— B? 
D, =—-a-w 
if 


This condition usually is fulfilled in practise. Conse- 
quently the solution of (7) is 
en BP a ph aa Os —w)t See ff 
in which P and Q are arbitrary constants. 
In order that the arc be stable during transient con- 
ditions the terms involving P and Q must vanish after 
a sufficient time, which means that (- a + w) and 
(— a— w) must both be negative numbers. This will 
be the case of both 2a and 6? are positive numbers. Now 


ots kR—BR 
RSM, 40 Te 


For 6? to be positive, k must be greater than B. This 
condition, together with the condition that I be posi- 
tive (equation 6) constitute the stability condition for 
a simple inductive circuit. These conditions are that 
the circuit and are characteristics intersect and that 
the circuit voltampere characteristic have the greater 
slope at the point of intersection. Thus in Fig. 3 the 
are will be stable when using a simple generator and 
resistance if its characteristic A lies as shown in rela- 
tion to the circuit characteristic C. It will however, be 
unstable if A passes beyond the limiting curve A’. 
When using a compound field machine, the are can and 
does become unstable even though this condition of 
intersection and slope of that static characteristic is 
fulfilled. Satisfactory welding can easily be accom- 
plished when this limitation as to stability is the only 
one imposed; that is, if a series resistance is used rather 
than a compound field. 

A new and important criterion for stability results 
from the condition that 2a must be positive. Thus 


kLy — BLy — BM + RL + RM 
LLy + ML + MLy 


and (kLly + RL + RM) must be greater than 
(BLy + BM). If the numerator of the expression for 
2a is equated to zero, then 


Lyk + MR + RL 
Ly + M 


This equation means that for a generator having given 
values of the constants on the right hand side the are 
will be stable if the B thus calculated is greater than the 
slope of the are characteristic, when the latter is de- 
termined properly. In other words the generator is good 
for a B of this calculated value. The question is then, 
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during welding, what is the maximum B of the arc for 
which the generator must be designed? To answer, the 
physical cause of instability in the are must be under- 
stood. 

It was found in the foregoing that simple lengthen- 
ing could be taken as the disturbance to the arc causing 
it to become unstable, since other possible disturbances 
would act in the same way. Suppose then, that the are 
suddenly is lengthened from a normal value to some 
limiting value. In Fig. 3 for example, let the normal 
arc of 7 mm length be given by the curve A, and the 
lengthened are (20 mm) be represented by A!. These 
are characteristics are plotted from the equation of an 
arc between iron electrodes given by Seeliger:’ 


9.4 + 15) 
V = 15.5 + 2.51 + ae 


(11) 
where 1 = length in mm. The steady-state circuit 
characteristic in this figure is for a machine having an 
open circuit voltage of 75 volts. (Saturation neglected.) 
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As a result of this sudden lengthening the voltage across 
the arc must as suddenly increase from the value V, 
to the value V,. The circuit, however, cannot maintain 
the required voltage V. at the current J, so the current 
must decrease. The voltage across the arc will not be 
given by the curve A‘, during the current decrease 
because of the are inductance, so it follows a curve flatter 
than the curve A!. Actually the dynamic curve will 
have a positive slope unless the are current decreases 
In Fig. 4, a static and dynamic curve are 
plotted for an iron are about 10 mm long. The current 
was caused to decrease in the are by slowly opening a 
switch in series. The time for the current to decrease 
to zero was 0.02 seconds. 

As a limit, one may arbitrarily assume that the dy- 
namic curve corresponding to A! is given by the dotted 
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straight line tangent to A! at the point corresponding to 
I. The slope B of the are characteristic will then be at 
first very large until the voltage becomes V2, and will 
then be the slope of A! at the point corresponding to I. 
The average slope from I to zero then is the slope of the 
line drawn from J on the curve A to Vo, which in this 
case is 0.2. It is convenient to express B as a per cent 
of the slope of the circuit characteristic k. Thus 


B 
ry oe 66 per cent 


A special case of lengthening of the arc must be con- 
sidered. During welding, drops bridge from anode to 
cathode of the arc, completely short-circuiting it. This 
appears in the oscillogram, Fig. 1. When the drop 
breaks, the arc voltage suddenly increases to more than 
its steady-state value, and then falls along a dynamic 
curve having a positive slope. If, as before, the limit 
of this dynamic curve is taken as the tangent to the 
static curve, a straight line may be drawn from the 
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point of intersection of this tangent with the vertical 
axis to the point J, and the slope of this line may be 
taken as the limiting value of B when the arc is 
lengthened by the disappearance of a bridging drop. 
The slope in this case is 0.12, or 


oe 40 per cent. 


The slope of the static are characteristic itself at the 
point corresponding to J may be taken as the limiting 
value of B for which a suitable generator must be de- 
signed. This would be suitable if the arc lengthened by 
only a small amount. In the cases cited however, it is 
conceivable that, although the slope B calculated for the 
generator is greater than the slope of the are character- 
istic is taken in this way, nevertheless the are might go 
out. Mathematically, this conception means that, 
although 2 is positive number, the solution of equa- 
tion (5) might be such that the current necessarily 
would reverse before reaching its steady-state value. 
For example in equation (5), let B equal zero. Then 
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no inductance L or Ly is needed for stability so far as 
criteria given so far are concerned. Let all inductance 
be placed in the field circuit for simplicity. Then 
L = 0;and 


ai ee) di 
de ~ 
(12) 


MLy 
Suppose that the generator is short-circuited by a drop 
bridging the are which then breaks away. This gives rise 
to the terminal conditions that when 


kR 
dt * MLe 


f=4On tee 


The solution of (12) together with these terminal con- 
ditions is: 


kM + kLy — RM ) ee tg 
Lees ene ‘ 
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In a generator of good efficiency R is much smaller 
than k. If any considerable inductance Ly is found to 
be required for stability, then kLy > RM. Under this 
condition the second term of (13) will be negative, and’ 


(13) 


k R 
also ——— must be larger than-——. Thus if the second 
M Ly 


term is sufficiently large, the current must reverse in 


ate E E 
going trom ~p to R 


A 
a Physically this means 


that the arc would go out. If the arc is not to go out 
then in the limiting choice of constants the negative 
second term must be less than the positive steady-state 
current. Therefore the condition 
R kA 
ate ) a 
must be satisfied, even if B = 0 is the slope of the are 
characteristic. This condition holds only when Ek AR. 
Numerically, let the constants of a given generator be 
I = 250 amperes 
Field voltage = 62.5 volts 
Field resistance = 6.25 ohms 


Ly > 


V open circuit = 83 volts 
M = 0.005 henry 
A = 30 volts 
Turns ratio field to armature = 25 
Then 
6.25 
R ope = 0.01 ohm 
E = 250 x 0.01 = 2.5 volts 
Apes 
AP QAO e eae 
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It should be noted that in the original equations a 
turns ratio of one-to-one was assumed, and that the 
field constants must be expressed in terms of the arma- 
ture circuit as is customary in transformer calculations. 
What Ly is now needed for stability even with B = 0? 


0.01 0.3 X 30 

Teper a 1) 0.005 =0.0081 

Therefore this value of inductance is required even if 
B = 0 for the are, because of the rapid initial increase 
in are voltage when the arc is formed. It is interesting 
to see for what average B such an inductance is suffi- 
cient. Using equation (10) with L = 0, and the numeri- 
cal values previously assumed, 

0.0037 x 0.8 + 5 X 10> x 0.01 
eS 0.0037 + 0.005 SAE 

This figure agrees with the value of B determined from 
Fig. 3 by using the average slope of the dynamic curve 
for values of current from I to zero, and hence justifies 
that procedure. It should be noted however that this 
value of B is higher than required because (1) the are 
characteristic actually will bend downward during the 
transient and (2) the circuit characteristic will bend 
upward during the transient, whereas both have been 
assumed to be straight lines. The authors believe how- 


a 


B 
ever, that the limiting value of Gis of about 60 per 
cent obtained from Fig. 3 is the best value which can 
be assigned to this quantity with the limited data at 
hand, that a generator designed for such a value of 


B 


k 


ing, and that this requirement is much less exacting 
than simply attempting to make the static and dynamic 
circuit characteristics equivalent. 

If in equation (10) L is made zero and the equation 
is solved for Lr: 


using equation (10) will be satisfactory for weld- 


Conversely if Ly is made zero 
B-—R ) 
L ( R M 
Both of these equations show that the stabilizing in- 
ductance necessary depends directly on the mutual 
coupling M. With the flexactor‘®, the effect is to reduce 
M considerably, and thus the effectiveness of this 
device is clearly evident. 
A TEST FOR WELDING GENERATOR STABILITY 

If a welding generator is short-circuited, the differen- 
tial equation involving armature current reduces to 
d% ( kLy + RM + RL ) di 
dee NSM Mig Pilly Je 
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(14) 
or 
d71 
re 2a + p4.=.0 (15) 
The terminal conditions are 
Bi 
Ce tie C7) LU 
The initial rate of current increase is 
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Let T, and T; be the time constants; that is 
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Fig. 5—Osci~LoGrRaM or GENERATOR SHORT Circuit 
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But this also is the expression for B. (Equation 10.) 
Therefore to experimentally determine the B for which 
a generator is sufficient, the following test is sufficient. 
Short-circuit the generator and with the oscillograph 
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obtain a record of the rise of armature current. From 
this record measure the initial rate of rise of current in 
amperes per second and divide this value by the open- 
circuit voltage. The result then is G in (18). From 
the oscillograph find the inverse sum of the time con- 
stants, which is H. The quotient then is the value 
of B to be found. This, divided by k, which is the 
open circuit voltage divided by the short-circuit current 
should be about 60 per cent or more if the generator is 
satisfactory during transients. 


In Fig. 5 an oscillogram is reproduced showing the 
results of a test made as described. The initial slope is 
80,000. The open circuit voltage is about 100. Hence 
Gis 800. 


The current curve is of the form 
= =e 
Ca atime CLE: Et +] 
To find the time constants, the curve is broken up 
easily into the three parts shown by the last equation 
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simply by inspection and two points on each logarith- 
mic component is sufficient to find C and T. A simpler 
way to find the reciprocal of the time constant for each 
of the two component curves, is to divide 0.7 by the 
time required for each curve to reach half its initial 
value. 


From the film shown, 
1 
T, sai iee = 12 + 56 = 68 
And 
68 
B= 300 ~ 0.085 
Also 
V 100 
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Then 


e514) x 100 per cent = 61 per cent 
and the generator is shown to be satisfactory. 

In Fig. 6 an oscillogram of the short-circuiting of a 
generator using a flexactor is shown. This test shows 
that this machine is satisfactory for a B of 0.342 and 
that the value of k is 0.295 or the quotient yields the 
result that the quality of the generator B/k is 116 per 
cent. The effectiveness of the flexactor in this case is 
due to using compensation such that the shunt field cur- 
rent actually is increased rather than decreased as a 
result of decreasing the arc current. This does not 
mean, however, that an are can be held, whose length is 
permanently greater than the limiting value repre- 
sented by the curve A! in Fig. 3. 

The test described is applicable to all generators 
using a compound field or its equivalent, including a 
flexactor; but cannot be applied if the short-circuit 
current oscillates before reaching its final value. A 
design that would give an oscillatory current is not usual 
however. Furthermore, the criteria given are not 
accurate in case of extreme saturation of the field 
structure. 

The authors wish to thank Doctor J. Slepian for sug- 
gestions; and for helpful criticisms of the methods em- 
ployed in this paper. 
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Discussion 
E. C. Easton: In their discussion of the are characteristic, 
Messrs. Ludwig and Silverman have used Seeliger’s equation 


94 + 151 
Vi auigbee 2 ee == 


It might be well to point out that this expression gives only an 
approximation to the correct form of the characteristic. Experi- 
mental evidence now points definitely to the correctness of 


B 
Nottingham’s! equation V = A + 77 where A and B are con- 


stants dependent upon the are length. When the length of the 
are is taken into account it seems probable that the are character- 
istic will be of the form? 

1. Nottingham, Ju. A.I.E.E., V. 42, 1923— Phys. Rev., V. 28, 1926. 


2. Myer, New Studies of Arc Discharge, A.I.E.E. Trans., March 1933, 
p. 250. 
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The writers state that. near to the welding currents, that is, 
only over a small range, the are voltampere characteristic prac- 
tically is a straight line of the form A—Bi. This, to be sure, is 
true for a small portion of the curve, but for large currents and 
small are lengths such as are generally used in welding, the curve 
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is a straight line of zero slope. For example, experiments con- 
ducted at Lehigh University by Messrs. Lucas and Easton have 
shown that for an iron are 1.17 mm in length the voltage is con- 
stant for current values above 40 amperes. See curve A in Fig. 1. 
As the are length increases, the point at which the characteristic 
flattens out also advances. However, up to an are length of 
about 8 mm this advance is negligible. A set of curves of voltage 
against are length taken for currents ranging from 40 to 200 
amperes was coincident showing that the voltage across an iron 
are must be.a function of the are length but quite independent of 
current throughout the range of 40 to 200 amperes and up to 8 
mm in length. 

The average curve of voltage against are length for currents 
between 40 and 200 amperes is given as Bon Fig. 1. This curve is 
an average of the set of curves shown in Fig. 2. Each of the 
curves of Fig. 2 is an average of several taken at a certain fixed 
current. Thus there are 4 curves representing fixed currents 
of 48, 103, 197 and 151 amperes. The fact that these curves do not 
lie in any set order with respect to current suggests that the 
apparent differences are due to experimental error, and that 
actually all the observed points lead to the average curve B. 
Justification of this assumption lies in the agreement between 
curves A and B. Thus at an are length of 1.17 mm, B shows a 
voltage of 21, while A taken at an are length of 1.17 mm has a 
limiting voltage of 21 for currents between 40 and 200 amperes. 
Data for these curves were obtained by measuring the voltage 
across an are between 5/8 inch water cooled iron electrodes dur- 
ing very short applications of high current. The are was started 
at about 5 amperes and the are length adjusted. by observing the 
image of the are enlarged and projected upon a screen. With the 
are length properly fixed, high current was passed through the 
are for about one-half second. During this short interval, before 
the electrodes could burn away appreciably, the current and 
voltage were read. Water cooling was provided to eliminate as 
far as possible the voltage drop caused by heating of the elec- 
trodes. The switching arrangement for applying the high cur- 
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rent ‘‘shot” is shown in Fig. 4 of a paper entitled Forces of Electric 
Origin in the Iron Arc by Creedy, Lerch, Seal and Sordon, 
Trans. A.I.E.E., June 1932, p. 558. 

It would seem, therefore, that for normal welding practice, the 
B discussed in this paper should be zero. It would have other 
values only when considering small currents or long ares. If B 
is taken as zero, then all but one of the requiréments for stability 
as given in the paper become meaningless. That one requirement. 
is that the condition 
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be satisfied. If this condition is satisfied the current}will not 


E 
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A 
— — or in other words. 


E 
reverse when going from —— to K 
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when going from short circuit value to normal welding value. 
This requirement, then, is recognized as one similar to that laid 
down by the Navy specifications. The Navy, however, re- 
quires that not only must the current not reverse, but that it 
must not fall below one third of its short circuit value. It should 
be emphasized, therefore, that fulfillment of the requirement 
stated above furnishes only the limiting values of the circuit 
constants. It does not assure a machine that could satisfy any 
standard specifications for momentary current fluctuation and 
are recovery. 


The paper states that if a generator is to be satisfactory during 


transients the ratio obtained from examination of the 


machine’s operating characteristics must be 60 per cent or more. 
In connection with this criterion it should be made clear that 
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the B calculated for the generator must be greater than the slope 
of the are characteristic between the current values of J and zero. 


; F : age: : 
Any given machine with a ratio x greater than 60 per cent is 
satisfactory only up to an are voltage below which the slope of 


the are characteristic is less than B. The ratio 


B 

lone can not. 
aie fe) 
serve as basis for a comparison between generators. 

Another criticism that might be raised is of the authors’ use 
of the concept of are “inductance.”’ It is not clear how such a. 
condition was conceived. Justification of the use of such a 
property of the are demands the discovery and disposition of a. 
definite amount of energy stored in the are inductance. Since the 
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are inductance is made part of the circuit constants, its inclusion 
in this case has not affected the form of the various equations. 

Messrs. Ludwig and Silverman have presented an interesting 
method of determining the stability of are welding generators. 
For high welding currents and short ares B throughout their 
paper can be taken as zero. With low currents or ares that may 
be stretched considerably B must be determined from the circuit 
characteristic and a reliable expression for the are characteristic. 
Unfortunately, at present there are no adequate data available 
for determination of the latter. 

Frank B. Lucas: In their discussion of are characteristics, 
Messrs. Ludwig and Silverman state that ‘In oscillograms of are 
voltage obtained during welding with iron electrodes, pulsations 
of high frequency and small magnitude are always observed.” 
They tell us that these pulsations ‘‘do not appreciably influence 
the stability of the are.’”’ On page 561 of the June 1932 Trans- 
actions of the A.I.E.E. in a paper on forces of electrical origin 
in the iron are, Professor Creedy gives oscillograms showing these 
pulsations and stated that “‘if one of these oscillations becomes 
large enough to reduce the current to zero, it can not restart.”’ 
These oscillograms were taken using storage batteries as a source 
of power. The oscillations were reduced by using a large self- 
inductance in series with the are. It is evident from Professor 
Creedy’s paper that the statement in this paper that the oscilla- 
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tions do not appreciably influence the stability of the are is true 
only when the inductance of the circuit is large enough to reduce 
the size or amplitude of the pulsations to a value less than the 
current value. Professor Creedy suggests that since ‘“‘the pulsa- 
tions do not start at once after the are is started but only after 
an interval of time has elapsed they seem to be correlated with 
the heating of the electrodes.” This agrees with Messrs. Lud- 
wig’s and Silverman’s statement that they have their origin at 
the cathode. 

In regards to the statement that the voltampere characteristic 
is practically a straight line of the form A—Bi it has been shown 
(Creedy, p. 277, Transactions A.I.E.E., March 1933) that this 
characteristic for current values ranging from 50 to 250 amperes 
is a straight line with zero slope. Therefore the B in this case 
would be zero, the voltage being independent of the current. 

On page 564 of the June 1932 Transactions of the A.1.E.E. 
the writer gave conclusive proof that the process of are welding 
ean be carried out without short-cireuiting the are. Messrs. 
Ludwig and Silverman state that ‘‘during welding, drops bridge 
from anode to cathode of the are, completely short-circuiting it.” 
The writer points out that this is a special case and is not a 
requisite for electric are welding. 
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It is evident that the term “inductance” of the are used by 
Messrs. Ludwig and Silverman in their voltage-current equation 
does not mean inductance. They have used a term already used 
for a known phenomenon to describe a new, and to the author a 
doubtful, one. The oscillogram shown in Fig. 3 of this discussion 
taken by R. Kogge and A. Danello, graduate students at Lehigh 
University, for 300-cycle a-c arc welding shows that there is no 
phase displacement between current and voltage as there is 
when inductance is present. The line AB is drawn to show the 
path the current curve, curve C, would follow if there were no 
breaks in the curve due to starting. This line shows that the 
voltage, curve D, and current come to zero at the same time. 


L. R. Ludwig and D. Silverman:Mr. E. C. Easton has called 
attention to the inability of the Seeliger equation to express 
accurately the current, voltage, and length relations in the are. 
This is quite true, and the substitute relations are much more 
accurate. But since the conclusions drawn in the paper do not 
depend on the exact slope of the static are characteristic curves, 
they will be unaffected by the use of this equation. The Seeliger 
equation is used only to show qualitatively the effect on the are 
characteristic of lengthening (or equivalent effects). 


It is agreed that under certain conditions, such as short length 
and large currents, the are drop is reasonably- constant over a 
wide range of current. The value of the steady state B under 
such conditions may be zero. However, this fact does not alter 
the conclusions of the paper in regard to the value of B for which 
the generator is to be designed. For the most difficult condition 
for the welding generator is not normal decreasing current, but 
the sudden shifting of are characteristic from a lower to a higher 
range of voltage due to some suddenly applied effect such as 
lengthening. Here the B to be considered is not the steady state 
slope of either characteristic, but the equivalent or average B of 
the dynamic characteristic curve which starts from the normal 
operating point on the lower steady state curve (V, of Fig. 3 
of the paper) and extends to the voltage value which the dynamic 
curve will reach at zero current as a result of the equivalent 
lengthening which created the transient. (Vo of Fig. 3.) In the 
paper, this latter point was obtained by simply extending the 
straight line portion of the upper steady state curve to the axis. 
The importance of this point will be evident when it is realized 
that this phenomenon results from all common disturbances 
such as lengthening, blowing, dissociation, etc. 

The requirements for stability which were given are therefore 
not meaningless since they depend upon the proper interpreta- 
tion of the term B. Consequently, the conclusion reached by 
Mr. Easton that only one of the established requirements has 
any meaning is unfounded in view of his misunderstanding of 
the meaning of B. The one condition acceptable to Mr. Easton 
is similar to the Navy requirement but the latter is needlessly 
severe. Regarding the magnitude of B/K, the value of 60 per 
cent has been found to be quite in accordance with observed 
values. As a result of a number of analyses of welding generator 
characteristics, those generators which were particularly good 
welders had values of B/K considerably above 60 per cent; 
those which were noticeably bad, values below 60 per cent. 
Generators of average performance had values in the region of 
60 per cent. 

The use of the term “‘are inductance” is not new with the 
authors. Seeliger makes use of this term and numerous writers 
in the literature have used it. Unlike the quantity ordinarily 
denoted by the term “‘inductance,” the arc is not able to store 
energy and later return it to the circuit, and consequently will 
not show a displacement between the zero of voltage across and 
the zero of current through the are. The term indicates that the 
voltage across the are is not a function alone of the are current, 
but also of the rate of change of that current. The inductance 
itself, is not a constant, but depends upon the current and the 
condition of the arc, being due to the finite time taken for con- 
ditions of ionization to change to steady state values for a given 
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current. The value of the are inductance is the difference in 
voltage between the transient and steady state are characteristics, 
at a given value of current, divided by. the rate of change of cur- 
rent at that point. This is shown in the paper. 

Mr. F. B. Lueas discusses the high frequency pulsations in 
are drop. The basis for the statement that these ‘‘do not appre- 
ciably influence the stability of the are’’ is given in the paper. 
It is, that with inductance in the circuit it is very improbable 
that the current will drop suddenly to zero and remain zero. The 
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probability that the inductive voltage appearing across the are 
space will restrike the are is quite high. The use of a storage 
battery source of power explains why it was not observed in the 
experiment cited. Commercial welding circuits have more than 
sufficient inductance to cause restriking in such eases. 

The bridging of the welding electrodes by drops of molten 
metal is not a necessary part of the welding process. It is, 
however, a common occurrence in welding and whenever present 
provides a very difficult test of the generator. 


Construction Features of Special Resistance 
Welding Machines 


BY C. L. PFEIFFER* 


Member, A.I.E.E. 


Synopsis.—Although the design of so-called standard resistance 
welders is more or less fixed, the construction of a special resistance 
welding machine involves a series of design factors which are only 
approximate and for which one allows large limits. An attempt is 
made to outline the elementary features of construction for success- 
ful operation by enumerating the factors which must be known. A 
method of obtaining the proper transformer capacity, types of 
switches for changing the amount of welding current, and means for 
regulating the time of application of the current are indicated. 


Important mechanical conditions to be considered are also touched 
upon. 

This is followed by a description of the construction features 
of a few outstanding resistance welding machines of special design 
used at the Hawthorne Plant of the Western Electric Company. 
Although most of these machines are of relatively small total cur- 
rent capacities, the current densities used are quite high. The 
machines described are used for welding preciows metal contacts, 
permalloy wire, bronze brushes, switchboard plug parts and copper rod. 


HIS paper discusses general construction features 
of special resistance welding machines and de- 
scribes a few such machines used at the Hawthorne 

plant of the Western Electric Company. The material 
presented is intended to be of some help to machine 
designers who are primarily concerned with mechanical 
features of design and to whom welding mechanisms 
and auxiliaries are more or less troublesome. The paper 
will also serve as a background for products manufac- 
turers in discussing the building or buying of special 
process welding machines. 

The important operating parts of resistance welding 
machines are the transformer and its associated circuits, 
the welding current timing mechanism, pressure mem- 
bers, and the mechanical features peculiar to the 
particular job. 

In building a special welder certain limiting factors of 
operation and design must be known. The approximate 
current, voltage, pressure and time required to perform 
the welding operation are usually determined experi- 
mentally on a laboratory set-up or estimated from data 
obtained by performing a similar operation on another 
_welder. A determination is also made of the sequence 

and time of operations of handling material, whether 
performed mechanically or manually. 


Having given the approximate secondary current and 
open circuit voltage, the time of current application, and 
the interval of time between succeeding operations, 
limits are set up for transformer capacity. It is well to 
allow a large factor of safety in capacity as the trans- 
former is relatively inexpensive and additional capacity 
allows not only for changes in the apparatus being 
manufactured, but allows for variations in estimated 
current and circuit impedance of the secondary circuit, 
which items are very difficult to calculate. For instance, 
having estimated a required secondary current of 3,000 
amperes at an open circuit voltage of two volts for }4 
second, at time intervals of 5 seconds, a transformer 
might be rated as follows: 

*Western Electric Company, Chicago, Illinois. 

Presented at the summer convention of the A.I.E.E., Chicago, 
Illinois, June 26-30, 1933. 


“One 10-kva welding transformer, preferably air 
cooled, capable of delivering a maximum of 5,000 
amperes for 14 second at five second intervals having 
eleven primary taps to give open circuit secondary 
voltages of 1.0, 1.2, 1.4, etc., to three volts in 0.2 volt 
steps.” 

A relatively large factor of safety in transformer 
capacity may be criticized, but there are advantages in 
such procedure that must not be overlooked. In the 
first place every special welder is somewhat of an ex- 
periment and because small changes often upset pre- 
liminary calculations, it is well worth while to allow for a 
larger transformer and make a slightly larger initial 
expenditure. The ultimate power consumed is not 
affected, and in addition the welding circuit may be 
made very high or low in efficiency by the introduction 
or elimination of ballast impedance to stabilize varia- 
tions in welding current. 

Tap switches in the primary of the transformer cir- 
cuit used for varying the applied welding voltage are 
more or less special. Rotary switches usually are used 
on standard welders, but on special welders such as 
those built by products manufacturers, a switch made 
up of standard knife switch parts is simple, inexpensive, 
easily assembled, and has a high operating efficiency. 
Fig. 1 shows 3 tap switch circuits often used with 
welding transformers using knife switches. Circuits 
B and C are preferable because at no time are the volt- 
ages of any coil combination higher than the applied 
line voltage. Such switches are inclosed in pressed steel 
boxes and for additional safety may be protected by a 
door switch which cuts off the primary feeder circuit 
when the door is open. On some machines a tap switch 


‘is entirely unnecessary as only one operation is per- 


formed and a permanent connection prevents tampering 
with the proper current setting. 

The timer switch for regulating the application of 
welding current is operated usually by a cam and for 
critical welding operations must have means for adjust- 


‘ment to control the length of time it is closed. On very 


small machines this switch may interrupt the primary 
transformer current directly, but on large ones it is only 
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an auxiliary control circuit for a large contactor. In 
recent years the tendency has heen toward high cur- 
rent densities for very short intervals of time, and cur- 
rent interruptions as high as 200 a minute may be 
required. It is very difficult to do this, and other means 
to accomplish a comparable result are necessary. Cir- 
cuits are used in which welding currents are greatly 
reduced instead of interrupted, the time and current 
being determined by means of a thyratron control cir- 
cuit or other special transformer winding or magnetic 
circuit accommodation. 


CIRCUIT A 
CIRCUIT B 
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Fig. 1—Tap 
SwITCHES 


The secondary leads from the transformer to electrode 
holders are made as short as practicable and of a cross- 
section to allow for air cooling if possible. Leads to 
movable electrodes may be made of very thin, hard 
rolled spring bronze or copper and fastened to help the 
movable electrode advance. Dead copper strips used 
as movable leads often are a hindrance to good welding 
operation. 

Under important mechanical features are listed the 
mounting of electrodes, electrode supports, means for 
cooling these, and application or relief of electrode 
pressure during the welding operation. One electrode 
usually is stationary and the other movable, but for 
automatic feeding of piece parts, it often is necessary to 
have both movable in order to provide necessary 
clearances. Movable electrode supports usually are 
mounted on slides and much care should be taken to 


make their movement as free as possible and to provide. 


means for proper lubrication. The movable electrodes 
are actuated nearly always by springs and failure to 
respond at the proper moment affects the quality of the 
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welded joint. Although cams are often used to move an 
electrode, a tension or compression spring also is used 
in conjunction with the same. Proper clearances must 
be provided around the springs and spring supports to 
make possible both accuracy and stability of adjust- 
ment. Sufficient clearances should also be provided not 
only for inserting and removing the electrodes, but for 
dressing them in position. Cooling of electrode tips 
may be effected by having a large bulk of copper in the 
electrode or electrode support, by special shapes, or by 
a compressed air or water cooling system. 

Lubrication facilities in connection with electrode 
parts or any other part of the machine are provided 
which prevent any oil, grease, or associated dirt from 
dripping, rubbing or smearing on electrodes. 

Appearance and safety of operation are growing 
steadily in importance. As much as possible of the 
operating mechanism should be inclosed in a strong 
housing. All odd ends and corners are hazards and their 
elimination tends toward greater safety and improve- 
ment in appearance. All electrical equipment and 
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wiring must be inclosed, the only allowable exposed 
portion being insulated operating levers and secondary 
leads to welding electrodes. 

The feeding of parts to the electrodes may be done 
directly by hand, by hand fixtures, by rotary table 
feed, chain feed, or any other standard method of feed- 
ing parts in machinery. It is preferable to adapt the 
feeding mechanism to the welding mechanism because 
the welding operation usually is the more difficult of 
the two. The holding fixtures or mechanism for the 
parts being welded are special in design, whose principal 
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features are proper electrical insulation and convenience 
of approach to the welding electrodes. 

This general discussion is followed at this point by a 
description of a number of special welders used by the 
Western Electric Company which illustrate to a large 
degree the importance of many features previously 
discussed. 

Two important types of machines are point and disk 
contact welders used to weld precious metal contacts 
to nickel silver and bronze springs for relays, keys, and 
other telephone apparatus. Fig. 2 indicates the general 
form of these contacts, one of each being necessary to 
make up most pairs, one being called a point and the 
other a disk contact. Figs. 3 and 4 illustrate the disk 
and point machines respectively on both of which 
Springs are fed to the welding electrodes by a recipro- 
eating hand fed locating mechanism. On the disk 
machine, precious metal tape is fed into a miniature 
punch and die and the proper sizes of contact disks are 
punched out. Fingers engage these disks and place 


Fig. 3—Srmr-Avtromatic Disk Contact WELDING MacHINE 


them in the welding position between the welding 
electrodes. A forming hammer also is used on this 
machine to insure a smooth surface on the welded disk. 
The welded springs are blown from the locating fixture 
into a chute by a blast of air. The point machine feeds 
the end of a precious metal wire through a split elec- 
trode into contact with a spring. At this point the 
welding current is applied to fuse the wire end to the 
spring. Immediately thereafter a cutter snips off the 
proper length of precious metal, following which a die 
forms the welded wire into the desired shape. Both 
machines have a heavy cast iron base and frame for 
housing transformer and switches, and for mounting the 
motor and all mechanical operating mechanisms. The 
transformer tap switch of rotary design is identical for 
both machines and is mounted in the base of the ma- 
chine, the operating handle extending vertically upward 
as shown in Fig. 4, directly in front of the motor. The 
transformers are rated at 3,700 and 1,700 watts for the 
disk and point machines, respectively, at a primary 
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operating voltage of 440 volts, a frequency of 60 cycles, 
and secondary open circuit voltages which vary from 
1.2 to 2.8 volts. The motor on each machine is rated 
at 1/6 hp, 1,800 rpm, 440 volts, 60 cycles, 3 phase, and 
is geared to the main shaft by 8 reduction gears to give 
the main operating cam shaft a speed of about 75 rpm. 
The timer switch for both machines is mounted on the 
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right hand end of the main cam shaft and is shown in 
detail in Fig. 5. This switch consists of two contact 
springs using carbon buttons for contact against a 
carbon block. Pins on each spring engage a double wing 
cam, one spring making contact against the carbon 
block and the other breaking contact with the carbon 
block. Each spring is tensioned in its operating direc- 
tion of make or break. The springs are mounted on 


Fig. 5—Contracr Weiper Timer SwitcH 


adjustable sliding blocks so that their relation with 
respect to the cam may be varied to allow a variable 
setting in the time of application of the welding current. 
The welding time is about 0.04 second. The wiring 
diagram of both machines is similar to most resistance 
welders. Leads from a 440-volt, 60-cycle source feed 
through a fuse block and three pole rotary snap switch 
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to the operating motor and welding circuit. Beyond the 
3-pole switch, a 2-pole rotary snap switch separately 
controls the welding circuit so that the machine may be 
operated mechanically when the current is shut off. 
This arrangement also precludes welding circuit opera- 
tion when the motor is shut off and adjustments are 
being made by hand. 

The welding head of the point machine in Fig. 4 is 
shown with precious metal wire being fed into it from 
the large spool at the top. It consists primarily of 3 
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tube like parts, telescoping each other which are 
actuated by pivoted levers operated by the cams on the 
main shaft. The lower end of the center portion sup- 
ports a pair of grooved split copper electrodes for hold- 
ing the precious metal wire. A spring moves the wire 
into the welding position where it is held stationary 
during the welding operation. For adjustment pur- 
poses the grip on the wire may be relieved by the small 
thumb-operated wing at the very top. The larger 
spring at the center of the head brings the cutter 
mechanism to normal, the downward cutting action 
being supplied by means of the cam operated lever 
directly above the lock nuts of the spring. 

Cam operated levers actuate the forming hammer 
located behind the welding head, and the sliding carriage 
which brings the work under the welding head. These 
operating cams are covered by a sheet metal hood not 
shown in the picture. 

The disk welding machine is similar to the point 
welder except for its welding head and method of feed- 
ing the precious metal contacts. The disks are cut 
from precious metal tape by the small punch and die 
indicated in Fig. 3. The tape is fed forward by a small 
clutch and feeding device actuated by the spring car- 
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riage slide. The split finger shown, holds the disk and 
brings it between the welding electrodes at the same 
time the carriage brings a spring between them. The 
forming hammer at the front part of the head backed by 
an adjustable spring is used to surface the disks on the 
anvil immediately below. 

The electrodes on the disk machines are very similar 
to the conventional design of spot welder, the lower one 
being stationary, and the upper one being movable and 
backed with an adjustable spring. Flexible copper 
strip sheet of dimensions 0.005 in. by 1 in. built up toa 
thickness of 1/8 in., is used for the jumper leads to the 
movable electrodes to carry a maximum current of 
1,500 amperes. The rest of the secondary leads are bar 
copper whose minimum cross-sectional area is about 
1/8in. by 114 in. 

The point machine lower electrode is a comparatively 
large rectangular surface block-like shape, which is 
hinged and backed by a spring for a quick follow-up 
during the welding operation. The upper electrode is a 
split pencil like shape through which wire is fed in a 
manner similar to feeding lead in an automatic pencil. 
The upper electrode is stationary during the welding 
operation. The secondary leads from the transformer 
have a cross-sectional area of about 1/8 in. by 5/8 in. for 
a maximum current of 800 amperes. 


SS 
WELDING JAWS 
16 OHMS 


Fig. 6 shows a butt welder rebuilt from a copper 
wire brazing unit used in welding 0.011 in. permalloy 
wire under carbon tetrachloride because welded joints 
made in air were brittle and unsuitable for drawing. 
The jaw mechanism is made of monel metal to prevent 
corrosion and is of very light construction. The right 
jaw is movable and actuated by a vertical blade spring. 
Fig. 7 shows the wiring diagram of this welder. The 
secondary circuit has a resistance ballast in series with 
the welding jaws which serves both as a timer, a current 
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tapering device, and an auxiliary annealing circuit. 
The resistance ballast is made up of a variable resistance 
of about 1.6 ohms and a 0.008 in.—2 in. nickel fuse 
connected in multiple. The transformer is rated at 150 
watts, has an open circuit voltage of 3 volts, and de- 
livers about 100 amperes during the welding operation. 
The wire ends are clamped in the welding jaws, spaced 
at 0.066 in., immersed in carbon tetrachloride by raising 
the container to the jaws, and the current sent through 
the circuit. In an instant the wire ends become plastic, 
the nickel fuse blows, the current is reduced, and the 
jaws move together to a distance of 0.033 in. As long 
as the welding key is depressed, the reduced current 
flows through the joint. Approximately 3 in. of wire 
on either side of the weld is annealed in the annealing 
terminals shown at the extreme top of Fig. 6 to prevent 
strains in handling the softer material directly adjacent 
to the weld. The joints are very strong and after the 


o Kia. 8—CoOPPER 
# Rov WELDING 
Macuine 


welding flash is removed, may be drawn through wire 
reducing dies. Small nichrome, chromel, perminvar, 
and iron and constantin thermo-couple wires, can 
easily be joined on this machine. 

Fig. 8 shows a specially constructed copper rod 
welder in use at the Western Electric Company wire 
drawing plants. The operation of these machines are 
similar to most butt welders. High current densities 
ranging in value from 0.2 to 0.4 amperes per circuilar 
mill and applied for very short intervals of time, are 
used to make joints suitable for drawing. For stabiliz- 
ing the welding current an impedance ballast is used in 
the secondary circuit. Rod ends are cut square by 
means of a circular saw operated by the foot pedal at 
the left of the machine. This insures good contact and 
practically eliminates so-called contact resistance. The 
stationary and movable jaws are made of aluminum 
bronze of very sturdy construction. Long clamping 
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arms give a good leverage and make for good contact 
between the rod and copper die blocks. The movable 
jaw slide is fitted very carefully and leads thereto are 
carefully mounted in order to have the jaw movement 
properly coordinate with the heating cycle during the 
welding operation. The total movement of the jaw is 
about.14 in. at an initial pressure of about 150 Ib for 
yin. rod. 


Fig. 9—WELDING 
MaAcHINE WITH § 
CoNnVEYORFOR109 } 
AND 110 Swircn- 5 

BOARD PLUGS 


The transformer is capable of delivering nearly 30,000 
amperes and has open circuit secondary voltage taps 
ranging from 4 to 11 volts in one-half volt steps. Rod 
diameters of 14 in. to 3/8 in. may be successfully welded 
with such capacity. No tap switch is used with the 
transformer, not only because the same size rod is 
always welded, but to prevent operators from tampering 


Fig. 10—Semi-Avutomatic Weipine Macuine ror MuLripiLe 
Brus SPRINGS 


-with the setting. The current to the welding trans- 


former is controlled through a 200-ampere contactor 
switch by means of a timer switch linked up to cut off 
after the movable jaw has moved about 0.035 in. A 
foot pedal switch operates the control circuit after a 
safety switch on the movable jaw spacing lever has been 
closed by releasing the spacing lever. The entire hous- 
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ing has been made very heavy to withstand extreme 
rough usage. 

Fig. 9 shows a punch press type machine for weld- 
ing switchboard plug centers shown in the foreground. 
The outstanding feature of this machine is the chain 
used for bringing the welding fixtures into position. 
Two separate joints are made in each fixture by two 
transformers separately controlled and adjusted by 
timing cams and rotary tap switches, respectively. The 
press mechanism and fixtures are split so that sepa- 


Fig. 11—Cross- 
Bar BIMETAL 
rt) Cc 
aoe Contacts 


A—Cross bars 
welded to springs 
B—Contact metal 
shape 
C—Base metal shape 
\ D—Welded bimetal 
| 1] E—Welded bimetal 
ae 
after rolling 


rate pressures and separate adjustment can be had for 
either joint. Two 7.5-kva transformers with open circuit 
secondary voltages of 1 to 3 volts in 0.1-volt steps 
furnish welding current on this machine. 

Fig. 10 shows a recently developed welder used for 
welding multiple brush springs. Each spring consists 
of an offset piece of 0.015 in. nickel silver about 14 in. 
wide and 2 in. long to one end of which is welded a 0.025 
in. bronze shoe about 0.075 in. wide by 3/8 in. in length. 
A longitudinal section shows the shoe to have a Z bar 
shape, one end of which is welded to the flat surface of 
the spring and the other end of the body is projection 
welded to an offset part of the spring. Fiber insulators 
placed between the two joints make the welding opera- 
tion difficult and for that reason special provisions have 
been made to make each weld separately by separate 
transformer circuits. 

This machine consists primarily of a rotating ring for 
holding the parts to be welded and advancing them in 
successive steps to the welding electrodes. Two opera- 
tors place the nickel silver springs in holders and one 
operator feeds the bronze shoes into a chute which slides 
them to the proper location on the spring end over the 
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fiber insulator. As on the switchboard plug machine the 
two welded joints are made by separate welding heads 
each of which has its individual electrodes, pressure 
system, transformer, and control. The transformers 
and timing arrangements are the same as those on the 
disk contact machine previously described. 

Fig. 11 shows sections of a cross-bar type bimetal 
contact tape, short lengths of which are welded to 
nickel silver springs. The tape consists of an upper 
layer of contact metal and a lower layer of base metal. 
The cross sections, B, C, D and E, illustrate how this 
bimetal is produced. Contact metal wire and base 
metal wire, respectively, are rolled into the cross-sec- 
tional shapes, shown under B and C. These two tapes 
are welded together on a roll type welder to the shape 
shown under D, the current being localized in the weld- 
ing ridge on the lower side of the contact metal tape. 
After the welding operation, the bimetal tape is passed 
through rolls and given the final shape, shown by 
sketch H. The bimetal tape is fed into an automatic 
machine, cut to the required bar length and welded to 
springs in positions shown by A. 

Fig. 12 is a diagrammatic sketch of the continuous 
welding machine for welding sections B to C to form 
section D. It consists essentially of two heavy electrode 
copper grooved rolls for feeding the two tapes in the 
welding position as a welding current of about 1,200 
amperes is passed through them. The axis of the lower 
roll is fixed while the upper roll corresponds to a movable 
electrode pivoted as shown. Current is fed to the rolls 


DIRECTION OF 
ELECTRODE SPRING PRESSURE 


—— CURRENT BRUSH 
FLOATING ELECTRODE PIVOT 
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—— CONTACT METAL TAPE 
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FIXED ELECTRODE 
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Fig. 12—Continuous Tarps WELDER 


from adjacent copper disks upon which brushes of con- 
ventional low voltage generator design are placed. 
Spring pressure for the welded joints is regulated by 
means of a spring adjustment which counter-balances 
the weight of the floating upper electrode. The bi- 
metal tape is produced at the rate of about 8 feet per 
minute and a separate weld is produced for each half 
cycle of 60-cycle welding current. A transformer rated 
at 2 kva having open circuit secondary voltage taps of 
0.9 volt to 1.7 volts in 0.1 volt steps gives ample current 
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adjustment for this work. Micrometer adjustments are 
necessary for alignment purposes and distance limit 
spacing between the rolls. 

In conclusion one may state that good welding ma- 
chines are designed around the welding mechanism; 
construction limitations being imposed by the nature of 
the weld itself, the parts being welded, the feeding 
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mechanism, the transformer and associated circuits, the 
pressure members, the timing interval and its effect on 
speed and inertia limits of moving parts, safety features, 
and methods of lubrication. No one of these is out- 
standingly important, yet each is important in itself. 
The problem resolves itself into one of careful coordina- 
tion. 


The Life of Impregnated Paper 


BY J. B. WHITEHEAD* 


Fellow, A.I.E.E. 


INTRODUCTION 


T is generally agreed that the most important factor 
| limiting the life of the so-called solid type of impreg- 
nated paper insulated cable is internal ionization in 
voids or gas pockets, commonly due to expansion and 
contraction under temperature cycles, or less commonly, 
to impregnation originally imperfect. Gaseous ioniza- 
tion leads to well known rapid heating and destructive 
action on both oil and paper. Under its influence the 
original sealing action of the oil is lost, the original paper 
structure is destroyed, both in such mutually cumula- 
tive relation as to lead rapidly to breakdown. 


Efforts to increase the life of such cables therefore 
have been of two general types: (1) the search for ma- 
terials which will withstand gaseous ionization without 
injury; and (2) the suppression or elimination of ioni- 
zation. 

In the first type of effort an enormous amount of 
work and expenditure of money has been directed to 
studies of wax formation, ionic bombardment, and allied 
phenomena in oils and in oil mixtures, in search for a 
compound which is most nearly proof against the action 
of ionization. Apparently the point of view in these 
studies is that gaseous ionization is necessarily inherent 
in the solid cable and that it should be possible to dis- 
cover materials which are not damaged thereby. It can- 
not be said that the results of this large amount of work 
have been very encouraging. Some knowledge has been 
acquired as to the probable causes of wax formation and 
some differences in the behavior of various oils have 
been found. No compound of outstanding resistance 
to ionization has been found, however, nor in view of 
the inherent chemical instability of oil and the sus- 
ceptibility of paper fiber to oxidation can it reasonably 
be expected that a radical improvement will be found in 
this direction. 


Far more promising, however, are the results attained 
in the suppression and elimination of internal gaseous 
ionization. The most obvious measures are the restric- 
tion of voltage stress and temperature elevation to such 
values as, based on practise and experiment, are certain 
to limit the intensity of ionization to such values as will 
permit a reasonable life of the cable. These are the 
measures commonly adopted for solid cables and they 
have therefore imposed definite limitations upon their 
capacities and voltage ratings. 

Next in order of importance as limiting ionization is 
the shielded or type H cable. This improvement is based 
on sound principles since it limits the volume of insula- 
tion exposed to ionization without interference with the 
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normal insulating function, and at small cost. It does 
not however, attack the essential limitation of the solid 
cable, namely the occurrence of gas voids in the body of 
the insulation wall. 

The most recent and most important improvement in 
the direction of the suppression of ionization is the so- 
called oil-filled principle in which by the use of oil chan- 
nels and thin oils, it is aimed to furnish a sufficient 
supply of oil at all times and at all places to prevent any 
tendency to the formation of gas voids resulting from 
temperature variation. 

Of the relative value of the two classes of effort just 
described, for the increase of the life of cables, there can 
be no question of the outstanding importance of the 
second group, and particularly of the oil-filled principle. 
The remarkable improvements in ionization character- 
istics and the increases in current and voltage ratings of 
cables of the type H and oil-filled types on the one hand, 
and the failure to find refractory materials or preventive 
measures in the solid type of cables on the other hand, 
clearly demonstrate the directions in which improved 
cable performance must be looked for. In this statement 
it will be understood that we are considering the possi- 
bilities offered by underlying physical principles only, 
and have not introduced consideration of the economic 
element of relative cost. The relatively lower cost of the 
solid cable and clear knowledge of its limitations will 
insure probably for always its wide use in the lower 
voltage ranges. But for increased current capacities, 
higher voltages, and higher temperatures, the oil-filled 
cable is indicated clearly and probably will find wider 
use as its cost is reduced and its ultimate possibilities are 
explored more completely. 

The dominant influence of internal ionization on the 
life of solid cables has overshadowed the question of a 
possible inherent influence of the impregnating oil itself 
on the life of impregnated paper. As a consequence, this 
question has received little or no experimental study. 
Specifications for a cable oil are limited usually to values 
of low voltage d-c conductivity, power factor, dielectric 
strength, aging under temperature as measured by con- 
ductivity and power factor, and viscosity as related to 
the purchasers’ or manufacturers’ ideas of its bearing on 
permanence of impregnation. By sufficient care in re- 
finement, it is possible to meet these specifications with a 
very wide variety of oils and as a consequence this va- 
riety in fact extends itself in considerable measure to the 
cable oils now in use. 

In the oil-filled cables so far installed and operated, 
the oils employed have been limited to only one or two 
grades, and there is no knowledge as to the inherent 
properties which have given them their value, nor has 
any comparative study been made looking to a determi- 
nation of important oil characteristics and the relative 
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behavior of the large number of available oils. It is 
high time, therefore, that studies of this character be 
begun. 


THE MATERIALS AND TEST SAMPLES 


This paper reports the results of a series of accelerated 
life tests on impregnated paper samples in which effort 
has been made to eliminate all variable factors and con- 
ditions except those pertaining to the oil. To this end a 
single paper has been used, ‘and all test samples as- 
sembled, dried, evacuated, and impregnated as nearly 
as possible under identical conditions. The impregna- 
tion program adopted aimed at practically complete 
impregnation, so that gaseous ionization would be elimi- 
nated as an important factor in the life of the samples. 
This result seems to have been attained as will appear. 
With gaseous ionization either absent or reduced to very 
low terms, it is believed that the interesting differences 
which have been found in the behavior of the various 
oils are inherent either in the properties of the oils them- 
selves or in the relation of these properties to the 
structure of the paper. 

The Paper. The same grade of wood pulp paper tape 
as furnished to the cable trade by a well known manu- 
facturer was used in all the samples. It was not super- 
calendered and had the following characteristics: 


IM at (Sle PRES), Si Rae can ee Oe 0.004 in. (1.016 em) 
NRG hal FoF O seas ate ee Re cre cae sins (2.54 em) 
Hpechicagravity.. ce. woes 0.9387 

Gurley air resistance........ 640sec 

‘Effective capillary radius.... 8.2 by 10-§ em 


<Conauchiviny. (Gry)! ca... > = 
All at 25 deg C 


9.5 by 10-'* mhos per cuem 


The Oils. Fourteen different oils have been studied, 
as furnished by four manufacturers. Some description 
of the oils and their principal physical constants are 

given in Table I. The oils for the most part, are those 
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offered to the cable trade. Exceptions are No. 104 and 
notably Nos. 109 to 118, these latter having been pre- 
pared by a well known refiner as having special charac- 
teristics for these experiments. In connection with most 
of these oils it has not been possible to secure complete 
information either as to their origins, their programs of 
refinement, or their principal chemical characteristics. 
This applies particularly to those oils which now are 
sold to the cable trade. As may be seen, most of the oils 
are those commonly employed for-solid core cables. 
Three, however, Nos. 104, 108 and 113, are thin oils 
such as used in oil-filled cables. The differences in 
viscosity in these two groups are quite wide. 

Most of the oils were shipped to us protected by an 
atmosphere of carbon dioxide or of nitrogen. This con- 
dition was maintained by us and at no time before 
completion of the impregnated sample was the oil ex- 
posed to the air. Before admission to the impregnating 
tank, the oil was sprayed into a vacuum of 1 mm Hg, 
passing down over a series of cones to a heating tank 
where it was elevated to a temperature of 60 deg under 
vacuum, and thereafter drawn into the impregnating 
tank. The d-c conductivity and dielectric strength of the 
oil was measured both before and after this treatment. 
A substantial lowering of conductivity, and an increase 
of dielectric strength was found in practically all cases. 
(See Table I.) 

The Impregnated Samples. Each sample consisted of 
16 layers of the 0.004 in. paper spiralled in cable fashion 
with butt joints and with one-fourth width overlap, on 
a 2.5-cm diam smooth brass tube as high voltage elec- 
trode. The outer or measuring electrode (60.96 cm long) 
was of lead foil reenforced with thin sheet lead. This 
electrode was protected by guard rings and ends of re- 
enforced insulation. Both high voltage and measuring 
electrodes were perforated at wide intervals with very 
small holes to facilitate impregnation. Drying, evacua- 
tion, and impregnation were carried out at 2 mm Hg 


TABLE I—OIL PROPERTIES 


Penetra- 20 min. cond. 
tive Dielectric mhos/ec X 10-!4 Life at 
Surface power stgt-volts 40° C P.F,of 400 v/m 
Pour Flash Specific Viscosity tension xX 10-% imprg. (avg. of 
Oil point point gravity poises dynes/cm. (Kraft) Before After Before After sample 20mm. 
No. Base cG °C 40° C 40°C 40°C 40°C trmt. trmt. trmt. trmt. 40°C sets) hr 
100. Undewaxed paraffin.... 35.0....274..... 0.8788 7.5 SsBL 806 5.6) Oe see 20) Ole Ors 105.0. 34.2-..0.00275...1,118 
ROW WAI REN cn att rd kt ao distoin 15 Zia.» ~2965 eee 0.881 5.7 SOL 2s cy oc OO) 2a LO SOF zo. 800 605.0 . 218.0 ..0.00353... 974 
102 .Semi-refined naphthene. — 7.0... .288..... 0.9268 tee 20.1.... 3.55.. ..19,931....29,827.. 1,630.0 .1,313.0 ..0.00483...2,948 
103 . Naphthene (phenol ex- 
GLACU tere ote tag LOBE aeons DAT a Soe O96: wise cre, J dipie shy puslicest tee eet re 14,670. . .25,620..11,900.0 .6,400.0 ..0.00872... 20.8 
104.Highly refined white 
Olles. Hei See tos O:O34502 Bec eeOlsSot ee Olas 32.07 5. 33.0 . 31,100... 31,550. . Alas 1.0 ..0.00264...12,882 
105 . Dewaxed paraffin....... One ae QBe vets: 0.8829 .. 4.9 SLAB aac §47....17,552.. .25,500.. 322.0 . 84.8 ..0.00276... 1,599 
106 .75 % No. 105 25 % rosin 
by wht ose f35 0s BLAS, cits .3 Sthephs Ors 02935 SAL PEGs. 2.28.....27,6600...28)845.,. 130.0 .9 14970 7.0)::00282. “1.096 
5 refined paraf- - 
aH rane Stee : ai React BOA aaree ZOSiciae 0.903) 2. 4.0%) eSBs Sica: 6.52... .27,837.. .28,820.. 7.34 5.75..0.00258... 1,053 
108 .Refined light oil........ —29.0..... 1407 ao. 0.8805 .. 0.1602....28.2..... 28.2 ....27,640...26,990.. 12.6 . 24.8 ..0.0027 ... 9,081 
. Hi ed naph- 
bee Pannen ae SEY Gs DTA alan: OL9015. 4. 2469 on So. Olea, 7. Otenm dS 410i. wl COO ve 82.4 22.0 ..0.00238... 7,146 
110 . Refined naphthene...... te SL UE AE 294... cc. 0903) @. 4.82. ie78238i.2.> FAB once GOO\ eck hse AG 47.1 22.8 ..0.00261... 2,568 
111 .Paraffin blend.......... — 4.0..... QOD mons ies 0.8693 ;., 0,368) ..5.3259)...52 1945) ces LOO 2lj76a. 103.0 74.3 ..0.00376... 6,510 
112 .Paraffin blend.......... = 2.0..0.. PUSS ery ONS78 5. O.878) 2.5.32:59). Jan. 12.85....29,400. . .33,540.. 7.9 5.4 ..0.00309... 1,929 
0.37 OUR Bi atetens 18.96... .29,520.. .30,975.. 81.7 61.2 ..0.00289...14,304 


113 .Refined naphthene...... S17. Shae LOO swt 0.891 .. 
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pressure in the standard specimens for life test. After 
impregnation in the vacuum tank, the specimen was 
transferred to the high voltage test box containing 
three open oil tanks. The test specimens were made in 
sets of 3, and 1 specimen was placed in each of the oil 
boxes and immersed in the oil in which it was impreg- 
nated. The oil tanks were themselves deeply immersed 
in an outer bath of circulating oil permitting tempera- 
ture adjustment between 25 deg and 80 deg. The whole 
assemblage of test tanks was enclosed in a large outer 
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Kraft paper—various oils 
Standard construction and treatment 40 deg C 


wooden box with thermal insulation, through which 
high voltage porcelain bushings permitted connection of 
the test specimens to the high voltage source. More de- 
tailed descriptions of the test samples as well as of the 
methods of drying, impregnation, measurement of power 
factor, temperature, loss, voltage, life, etc., have been 
given in a foregoing paper.! 


MEASUREMENTS, TESTS, AND RESULTS 


The d-c conductivity and the dielectric strength of 
each oil was measured as received and after the vacuum 
treatment referred to above. Measurements were also 
made of the viscosity and surface tension and the pene- 
trative power,’ or capillary constant, in each case, the 
results being given in Table I. The power factor and 
initial or short time conductivity measurements were 
made on several of the oils, the values for which, and 
their significance as bearing on dielectric loss in the 


1. For references see bibliography. 
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impregnated sample and other discussion, have been. 
given in a separate paper.’ 

The impregnated specimens were constructed in sets 
of 3; usually 2 such identical sets were tested for each 
oil; often there were 3 sets and sometimes more. Before 
the life test, measurements of power.factor, as related 
to voltage in the range 180-3800 volts per mil and at 40 
deg C were made on each of the 3 specimens of 1 set. 
The results of these tests are assembled in Fig. 1. Also in 
each case power factor at 180 volts per mil was measured 
over the temperature range 25 deg-80 deg C. The re- 
sults of these tests are given in Fig. 2. Power factor at 
180 volts per mil was also read at intervals during the 
life tests as given in Fig. 3 for the entire series of tests, 
and in Figs 4 and 5 for special cases. 

In the accelerated life tests (150 in all) each sample 
was tested singly, being taken one by one from the im- 
pregnating chamber within which an atmosphere of 
nitrogen at atmospheric pressure was maintained. The 
life test was started at 400 volts per mil, maintained for 
one hour, then 500 volts per mil for one hour, then 600 
volts per mil for 10 hours, 650 volts per mil for 10 hours, 
700 volts per mil for 37 hours, 750 volts per mil for 40 
hours, 800 volts per mil for 40 hours, 850 volts per mil 


POWER FACTOR 


TEMPERATURE IN DEGREES CENTIGRADFE 


Fic. 2—Power Factor TEMPERATURE CURVES 


Kraft paper samples impregnated with various oils. Power factor 


measured at 180 volts per mil 


to failure. These tests were made at 40 deg C, this value 
being maintained within a fraction of a degree by auto- 
matic means. 

The results of the life tests on all the oils are summa- 
rized in Tables II and III. Table II reports those oils 
either known to be or believed to be of so-called paraffin 
base, and as furnished by several different refiners, and 
Table III, a special group of oils developed for these 
tests by one refiner and all stated to be of naphthenic 
base. Exact information as to the origins and differences 
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Oil Specimen 


Number of hours at: (volts per mil) Avg. life 
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in processes of refinement has been withheld in all cases. 
It will be noted from Tables II and III that the com- 
plete history of the test as regards the duration of life at 
each value of stress, together with the total life of each 
sample, and the average life of the entire group for each 
oil, are given. Moreover in the last column the average 
life per group as reduced to 400 volts per mil by the 8th 
power law is also given. As is well known in breakdown 


400V/M 650V/M HOURS AT 400 VOLTS PER MIL 
263 / 749 4004 10,084 50 15,460 


700 V/M———= 750 V/M > 800 /M 
sown 600W/M Y A / Y 
ras . 
OIL 102 


~ 


STRESS 
S SCHEDULE 


S 
=) 


OIL 113 


FOIL 112 
— 
<< OIL 101 


POWER FACTOR 
o 
So 
Ss 
uo 


OIL 


"0 


aoa fe ese 
0 10 20! 230/40 2505" 60), 70 SOU G0 OOM tO” 20 
TIME IN HOURS 


Fig. 3—Powrr Factor—Time Curves 


Representative samples, each oil power factor measured at 180 volts 
per mil. Life test at 40 deg C 


tests of this character, there is usually a fairly wide 
variation in the results as observed on successive similar 
samples. We have not escaped this difficulty and in the 
results as reported we have had to use our judgment as 
to the weight to be attached to life values of individual 
specimens falling well away from the average value per- 
taining to the group. As indicative of the results of 
individual tests we note as of average uniformity set SS, 
oil No. 111 giving 5,706, 6,322, 5,119 hours at 400 volts 
per mil respectively. One of the poorer examples as re- 
gards spread of results was Set MM, oil No. 102, giving 
4,004, 1,427, 2,494 hours respectively, at 400 volts per 
mil. In the curves and figures as reported, the values are 
the average values (see Table III) of groups of 3, 6, or 9, 
as the case may be, with occasional elimination of one 
apparently abnormal specimen. 


The collected results of the life tests, as based on the 
average performance of all specimens tested are shown 
in Fig. 3 in which the horizontal scale is the actual life 
in hours and the vertical scale gives the power factor at 
180 volts per mil, as measured at intervals during the 
liferun. At the top of the figure successive increments of 
stress and the duration of each are also given. Each 
curve refers to a single oil. The dotted sections show the 
life after the last measurement of power factor. If the 
values of life are reduced to 400 volts per mil, say by the 
8th power law, the differences amongst specimens as re- 
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ported with the various oils are much more pronounce 
than as indicated in Fig. 3. 

A more intimate picture of the change of power factor 
during the life test is given in Figs. 4 and 5 as taken for 
single samples. In these the horizontal scale is again’ 
linear in actual hours of test. Fig. 4 is typical of those 
specimens having relatively long life with no material 
change in power factor until the very last stages within 
which the rise in power factor is very rapid. Fig. 5 
shows a slow and uniform rise of power factor through- 
out a relatively long life followed by a rapid rise in the 
last stages of the approach to breakdown. Fig. 5 also 
shows the temperature variation in the oil just outside 
the specimen, upper curve, and that inside the tube 
forming the high voltage electrode. As a general thing 
these two temperatures were closely the same except in 
the last stages of life when the losses were increasing 
rapidly and when the difference would sometimes rise 
to 4 deg or 5 deg. 

Of the total number of breakdowns observed 97 per 
cent occurred under the central electrode. A few oc- 
curred under the guard electrodes, and one or two 
failures under the reenforced ends have not been re- 
corded. The failures for the most part were clean 
punctures, perhaps a millimeter or more in diameter at 
the inner and outer electrodes and 5 millimeters in 
diameter and often smaller within the insulation wall, 
usually with some adjacent seorching, dendrites, 
and gas formation. Conditions throughout the sam- 
ple after failure generally were uniform longitudinally, 
although there was often a pronounced variation in 
the amount of gas formation radially through the 
thickness of the insulation wall. In general the ap- 
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pearance of the samples after failure was such as 
to indicate that the deterioration leading to failure 
was quite uniform over the whole length of the sam- 
ple. One of the striking features evident on dis- 
section, particularly in the paraffin oil samples, was the 
presence, practically in every case, of gas, uniformly dis- 
tributed through 4 or 5 layers and the further fact that 
the occurrence of this gas was limited to the last stages 
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of life. The amount of this gas was definitely less in the 
naphthene group. A number of samples of both types of 
oil were opened after long life and before approach to 
failure. No gas was ever found in these specimens. 
Furthermore, a number of specimens were carried to 800 
volts per mil, maintained at this stress for a number of 
hours and then removed without failure. No gas was 
found in these specimens. No wax has ever been found 
in any of the specimens. These facts lead us to feel that 
gaseous ionization in the ordinary acceptance of the 
term was not present in any of these specimens and that 
impregnation, in the ordinary sense of the term, that is 
to say, complete absence of visible gas, was complete. 


_ DISCUSSION 


Power Factor. The power factor values given in 
Figs. 1 and 2 indicate a fairly wide variation both in 
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Spec. QQ-1 Compound No. 109. Power factor measured at 180 volts 
per mil 40 deg C 


value and type of behavior of the oils. The high values 
and rising character of the curves for oils No. 102 and 
No. 103 are in some measure accounted for by the fact 
that these naphthene base oils were not as thoroughly 
refined as some of the paraffin base oils submitted to the 
cable trade by the same manufacturer. Oils No. 109, 
110, and 113 are more highly refined oils from the same 
base as No. 102. With this in mind, it may be seen that 
the variation in power factor values over the whole 
temperature range studied is relatively small for the 
entire series of oils. It will be noted also that the varia- 
tion of power factor with stress is very small over the 
whole group, up to 300 volts per mil, thus indicating 
again the absence of gaseous ionization. 
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The influence of sustained stress on power factor is 
seen best in Fig. 3. Some of the oils maintain their 
power factor fairly well up to breakdown (e.g., Nos. 104, 
108, and 111) while others (Nos. 109, 113) showed a 
uniform increase of power factor throughout relatively 
long lives. There is no relationship apparently between 
the value of power factor or its rate of increase under 
increasing stress, and the life of the specimen. In those 
specimens showing a uniform rise of power factor with 
increasing stress through life, this relatively slow in- 
crease is to be distinguished from the final rapid rise of 
power factor as failure is approached. The slow increase 
with stress apparently is an inherent property of the oil 
involving no instability. The final rapid rise of power 
factor evidently is the onset of instability and tempera- 
ture rise in accordance with the thermal theory of 
breakdown. 

Differences In Infe. It is evident from Tables II and 
III and Fig. 3 that there are wide differences in the lives 
of the various groups of samples, all of which have been 
impregnated under identical conditions and tested in the 
same program, the various groups differing only as re- 
gards the oil. Looking for an explanation of these differ- 
ences, it may be noted that for the most part the sam- 
ples showing the shortest lives are those impregnated 
with compounds of relatively high viscosity, commonly 
used in solid cables, as for example, Nos. 100, 101, 105, 
and 107. In this class also is found oil No. 106 contain- 
ing 25 per cent of rosin. On the other hand, 2 oils giving 
exceptionally long lives, Nos. 104 and 108, are both thin 
light oils of low viscosity. The naphthene base oils seem 
to fall in a group to themselves. They are characterized 
by a power factor increasing with increasing stress, but 
also by relatively long life. In a general way it may be 
concluded therefore, that higher viscosities tend to 
shorter lives and carefully refined thin oils of low vis- 
cosity may give exceptionally long lives. Further, an 
influence of the basic chemical character of the oils is 
indicated by the divergence of the naphthene group as 
shown later. 

Life-Capillary Properties. In these studies it has been 
hoped to go much further than a mere experimental 
comparison of the lives of paper samples as impregnated 
with various oils. The chief purpose before us has been 
to find if possible some relation between the physical or 
chemical properties of the oils and the lives of samples 
impregnated with them. We believe that we have found 
an important relationship of this character in the capil- 
lary properties of the oils as related to the paper. We 
have found for example that the rate of rise of each one 
of these oils in a vertical strip of the paper obeys the well 
known law of the rise of a liquid in a small capillary tube. 
This means that it is possible to assign to each oil a 
definite value of ‘“‘penetrative power” K, which is a 
measure of its power for penetrating the pores of the 
paper. The penetrative power depends on the viscosity 
and the surface tension of the oil, and on the effective 
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capillary radius of the pores within the paper. The 


complete expression for K is: 


ee 


sin which r = the effective capillary radius of the paper 
pores, y = the surface tension in dynes per cm, 7 = 
viscosity in poises. Over such a group of oils as tested 
here the variation in surface tension (see Table I) is 
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much less than that of the viscosity and so the latter is 
by far the more important factor determining the 
differences in their penetrative powers. 

The rise of an oil in a vertical strip of paper is given 
by the equation 1 = K-t”, where K = the penetrative 
power, / = the height of rise in cm, and t = the time in 
sec. A complete account of the experiments leading to 
the determination of the values of K for each oil, its 
variation with temperature, the effective capillary radii 
of different papers, and other interesting data on capil- 
lary action have been given in a separate paper.2 The 
values of K at 40 deg C for each of the oils studied, as 
related to the 0.004 in. paper are given in column 8 of 
Table I. It will be seen that K ranges from 2.28 for the 
rosin oil mixture, No. 106, up to 33 for the thin white 
oil, No. 104. The variation of the penetrative power 
with temperature for each of the oils is shown in Fig. 6. 

In Figs. 7 and 8 the average life of the several samples 
impregnated with each oil has been plotted as related to 


WHITEHEAD: THE LIFE OF IMPREGNATED PAPER 


Transactions A.I.E.E. 


the penetrative power. In Fig. 7 the abscissas are the 
values of the overall lives in hours without reference to 
the values of stress. In Fig. 8 the total life in each case 
has been reduced to 400 volts per mil by the 8th power 
law. As seen clearly in these figures, two definite lines or 
curves are indicated connecting in definite relationship 
the penetrative power with the life of the oil. The oils 
constituting the lower curve are all of naphthene base. 
All of the oils on the upper curve except oil No. 108 are 
known to be of paraffin base. No. 108 is said to be of 
naphthenic base but is known to have a different origin 
from the oils constituting the lower curve. 

In order to test the interesting relationship indicated 
here, several auxiliary studies were made. For example, 
a set of samples was constructed using oil No. 105 in 
which, however, the temperature of impregnation and 
test was 70 deg C instead of 40 deg C, thereby lowering 
the viscosity and increasing the penetrative power 
markedly. The result was to more than double the life 
as indicated in Fig. 7. Impregnation at higher tempera- 
tures with subsequent life test at 40 deg gave no increase 
of life. In another case, the viscosity of a well known 
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Kraft paper impregnated with various oils at 2.0 mm Hg. Life test 
at 40 deg C 


paraffin oil (No. 105) was lowered substantially by mix- 
ing with lighter oils. The results showed corresponding 
increases of life as shown by points 111 and 112, Figs. 7 
and 8. Similar variations of the viscosity carried out by 
the refiner on the oils of the naphthene group, for the 
purpose of both increasing and decreasing their pene- 
trative powers, were reflected immediately in corre- 
sponding differences in life. 

There appears to be no doubt therefore, that in gas- 
free cable insulation there is a definite relationship 
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between the capillary properties of the oil as related to 
the paper, and the life of the insulation under high stress. 
The relationship perhaps is not quite so definite as indi- 
cated in Figs. 7 and 8 because the spread of the results 
on each oil is not indicated. If, however, all of the life 
test results from Tables II and III be included, it still 
will be found that there is no overlap among the values 
giving the two curves of Figs. 7 and 8, which are based 
on the average values for each oil. A linear relationship 
is suggested in Fig. 7, but this is scarcely possible in 
view of the continually increasing values of electric 
stress. On the other hand, the upper parts of the curves 
in Fig. 8, based on life at 400 volts per mil, also approach 
fairly closely to a linear relationship. Uncontrollable 
variations among the specimens and the spread of test 
results are quite sufficient to account for the differences 
in the shapes of the two curves of Fig. 8. 
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Kraft paper impregnated with various oils at 2.0 mm Hg. Life test 
at 40 deg C 


The two separate curves for the paraffin and naph- 
thene groups clearly suggest that the basic chemical 
structure of the oil also has a bearing on life. This 
indication is still further strengthened by the apparent 
identity of the law connecting penetrative power and 
life in two groups. 

It is interesting to speculate on the particular signifi- 
cance of the indication of the importance of capillary 
penetration. It immediately suggests that failure is re- 
moved to longer periods, the more completely the paper 
fiber is penetrated or saturated with the oil. This picture 
then immediately suggests as a cause of failure some 
action such as ionization in the microscopic channels of 
the cellulose fiber. That this picture is a true one is 
borne out also by tests made at evacuation pressures of 
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0.25 mm! in which a noticeable increase of life was 
found. It seems certain therefore, that the residual air 
or gas remaining in the paper even below evacuation 
and impregnation pressures of 1 mm also plays a part 
in the life history. It is to be noted, however, that these 
residual traces of air are those existing in microscopic 
channels only. There is no evidence in these experi- 
ments that gaseous ionization in the original acceptance 
of the term, plays any serious part in the deterioration 
of these specimens. Gaseous ionization, if involved in 
the failure, is of a different and much smaller order of 
magnitude than that occurring in solid cables. More- 
over, it is of such a character as to be subject to influence 
or control by the capillary forces of the oil in its penetra- 
tion into the paper. 

In a recent paper M. Héchstadter and W. Vogel? 
reach the conclusion that breakdown in thoroughly 
impregnated paper insulation is of pure electric rather 
than thermo-electric character. The evidence of our 
experiments is against this view. As indicated above, 
we find no serious temperature change at high stress 
over long periods of time, thus far bearing out the con- 
clusions of the authors mentioned. On the other hand, 
we have clear evidence of approach to breakdown over 
several hours, during which there is a relatively rapid 
rise of both temperature and power factor. We con- 
clude, therefore, that while thoroughly impregnated 
paper insulation may withstand extremely high stress 
for long periods at constant values of loss and tempera- 
ture, breakdown, when it comes, is not of pure electric 
or other sudden type, but has all the characteristics of 
the so-called thermo-electric failure. 

It should be emphasized again perhaps, that the re- 
sults reported here pertain to a degree of impregnation 
and its protection which are quite unattainable under 
the present methods of manufacture, handling and 
operation of high voltage cables. Nevertheless, it has 
been shown that under controlled conditions impreg- 
nated paper can withstand stresses and attain life under 
stress far in excess of the values pertaining to the present 
usage of this important type of insulation. It appears a 
pertinent question whether it is not advisable therefore 
by modified methods or increased costs to take up some 
of this difference, not only in the oil-filled cables of the 
upper ranges of voltage, but also possibly in those of 
solid type for lower voltages. 


CONCLUSIONS 


1. A series of accelerated life tests has been made on 
1 grade of paper as impregnated with 14 different high 
grade insulating oils. Wide differences in life have been 
found. 

2. The influence of dielectric loss on the life of im- 
pregnated paper is within wide limits, negligible as 
compared with other factors. 

3. The values of power factor and their characteristic 
changes during life tests have no apparent relation to 
the life of well impregnated paper. 
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4, It is shown that the origin or basic chemical struc- 
ture of the oil has an important bearing on the life of the 
impregnated paper. 

5. Thoroughly impregnated paper will withstand 
electric stress far in excess of the values of practise over 
long periods of time without apparent change. Break- 
down, when it comes, is of thermo-electric type, the 
approach to which may extend over several hours. 

6. The differences in life in the oils of one base or 
origin are related directly to the capillary penetrative 
power of the oil into the paper. Measurements have 
been made of this capillary constant for each oil. For 
oils of one type and for a single grade of paper the life 
of the paper under electric stress is directly proportional 
approximately to the penetrative power of the oil into 
the paper. 
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The Effect of High Oil Pressure Upon the 


Electrical Strength of Cable Insulation 
BY JOHN A. SCOTT* 


Associate, A.I.E.E. 


Synopsis.—Long time overvoltage tests on oil treated cable sam- 
ples and short time and impulse tests on oil treated paper sheet 
samples indicate that an increase in the hydrostatic pressure of 
the oil will result in an increase in the breakdown voltage. The 
magnitude of this increase depends on the time duration of the test. 


A doubling of breakdown voltage was secured by a pressure increase 
from 1 to 6 atmospheres in the case of the long time (several weeks) 
while no improvement at all was secured in the case of the impulse 
tests (several microseconds duration) by a pressure increase up to 
11 atmospheres. 


INTRODUCTION 


MPROVEMENT in cables, which combine liquid 
and solid dielectrics, has come largely through the 
study and control of gaseous electrical phenomena. 

This is because through circumstances of use in the 
field gases enter the cable structure and the resulting 
electrical discharges in these gas layers cause deteriora- 
tion ultimately leading to failure. 

The steps in improvement have led successively first 
to the abandonment of the heavy solids or petrolatums 
as treating materials and then to the oil filled cable, 
where the possibility of entrapped and dissolved gases 
is reduced to the minimum possible. 

Granting, however, that some residual gas remains, 
its effect should be reduced if it is subjected to high 
pressure, for it is a well known fact that the breakdown 
voltage of a gas increases with the pressure almost 
linearly. Furthermore Koch! has shown that the di- 
electric strength of liquids shows a similar effect but 
that of solids does not. In order to study the combined 
dielectric, oil and paper, tests have, therefore, been run 
to investigate the effect of high oil pressures on (1) the 
long time or endurance dielectric strength; (2) the short 
time dielectric strength; and (3) the impulse voltage 
strength of treated paper insulation. The first two of 
these tests were reported to the Committee on Electrical 
Insulation of the Division of Engineering and Industrial 
Research, National Research Council, in October 1931 
without publication.® 


LonG TIME VOLTAGE TESTS ON CABLES 


Two long time or endurance voltage tests were run on 
actual cables. The first test was made on a 10-foot 
length of 2-0 single-conductor cable insulated with 
0.187 in. of oil treated paper. The treating oil was a 
heavy cable oil of viscosity 580 seconds Saybolt at 
60 deg C. Porcelain terminals were provided and 
oil pressure supplied by a small motor-driven pump 
automatically controlled to hold 80 Ib per sq in. pres- 
sure above atmospheric. With the small diameter 
of the cable and a lead sheath thickness of 0.125 in. 
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the lead sheath withstood this pressure without ap- 
preciable stretching during the test. A long time 
step-up voltage test was applied holding each step for 
two weeks, as shown in Table I. 


TABLE I 
Ky Average stress volts per mil Hours 
VO OmaL ei eee. Seek AOOL Fi Sts Robe nee eke 300 
$5. Ose Seite. ABOL vac a iets eae 307 
OF Sern tet ere ee 500i ste easahtece wees 383 
LOS: OF pete oe steak = teen 5bO ee koe potas aeberecarts 326 
BID) Oise. Stars, tras. eRe 600.2 a Siintonlotoetee nt ck 163 
fh PEs Shs ce tO NN ry ORR Ge 650 | cai ie Sein 2 ets Siareetas 160 
1S 1.0% ot. Mee coe Stade dee COO). msc1s eR ee tees 6 


The life at the last step was 6 hours. 


Tested at atmospheric pressure the life of similar 
cable is of the order of 20-200 hours at 350 volts per 
mil. There is therefore approximately a doubling of the 
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long time breakdown voltage when the oil pressure is 
increased from atmospheric pressure to a pressure of 80 
Ib per sq in. above atmospheric. 

Since any application of high pressure to cables in 
service necessarily would prevent the use of a simple 
lead sheath, the second test was run on a 45-foot length 
of cable, without lead sheath but provided with a 5-mil 
copper spiral shielding tape. This cable was drawn, 
untreated, into a length of steel pipe and provided with 
porcelain terminals. The physical dimensions are shown 
in Fig. 1. 

The cable was vacuum treated after installation and 
filled with the oil normally used on oil filled cable. The 
oil had a viscosity of 100 seconds Saybolt at 100 deg F. 
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Voltage was applied and held according to the 
schedule in Table IT. 


TABLE II 

Ky Average stress volts per mil Hours (held) 
YI eae ee eae a Ge ENN te On She en 25 
ri ae Pen) Ah ee So! Rela eee ee er 53 
PE Me ee gene Aye, an ce SM ete oe a ewe 24 
Gb Goik< Socks ce Sew ws exe SOR ees sanruk ne siesta 42 
WEIS Nn ater cedars aie Ero WR GA: Bake secon ape 168 
aS oo Ste eaves wins sa MFRS ets. Shes 9 is: Sree eo 168 
Sas cs eee Sas ere PANE Ss Pie cc et rn ate 165 
AOS Fee oe aes SS CO aicie ST te epee 165 
cM ah) ha se eg dt pale A area MS oes, has Shape als 165 
122 OR. Saas a's Aa wo « Us| a ene OSE SSR Set 
ee eras atc act ahs WOO ee etn vines Seite 192 
BR ik in Pe ees (Ae ees One eee 1.4 


Failure occurred at 750 volts per mil. Again the 
result was a dielectric strength double that to be ob- 
tained at atmospheric pressure. 


SHORT TIME TESTS ON TREATED PAPER SHEETS 


The short time dielectric strength tests were made on 
sheets of treated cable paper, and were carried out over 
a range of pressures. A small pressure tank was con- 
structed in which sheets of paper (total thickness 
0.015 in.) after previous treatment in oil, could be placed 
and tested under pressure up to 200 lb per sqin. Tests 
were made between 2-in. diameter disk electrodes, with 
edges rounded to a 1/8 in. radius (A.S.T.M. electrodes). 
Two series of runs have been made so far; first, a rapidly 
applied test in which the voltage was raised uniformly 
at 0.5 kv per second until failure, and second, a minute 
step-up test starting at 40 per cent of the rapidly applied 
breakdown and increasing the voltage in 1 kv steps each 
held for 1 minute until failure. The results, expressed 
in volts per mil for these tests are given in Table III, 
(the values given are the averages of 10 individual tests). 


TABLE Iii 


Dielectric strength (volts per mil) 


Pressure Ib/sq in. gauge Rapidly applied voltage Minute step-up 


et Re ee eee ee SOD oe es oe ee 970 
Ee a ee 1,600. . 1.400 
RP A or ere 1,790 
Sa ere ee 1,670 
ere nae ee ey dake en eee Ue 1,650 

ER See ets ois ies Sinks PGIGS reee eS ace ekn es 1,870 
eh Ae eS PE oe OER DIM eS) eee te ee 1,990 


IMPULSE TESTS 


The impulse voltage tests were made on the same type 
and thickness of treated paper samples, using the same 
electrode and equipment, as were the short time tests 
described above. 
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A (1-10) testing wave was used, 2.e., one which ob- 
tained its crest value in 1 microsecond and diminished 
to 1% crest value in 10 microseconds. The tests were 
conducted by starting with an impulse wave of 37.5- 
ky crest and increasing this value 2.5 kv between suc- 
cessive applications until a breakdown was indicated by 
a surge crest ammeter.?** The results of these tests 
are shown in Table IV. 


TABLE IV—IMPULSE BREAKDOWN VOLTAGE IN KV 
1-10 MICROSECOND IMPULSE WAVE 


Volts 
Aver- per 


No. 1 2 = 4 5 6 rf 8 9 age mil 


51.0 3,400 
50.0 3,340 


51.0 3,400 
50.8 3,380] 


50.0 3,340 
54.2 3,620 


O° 20 40 60 80 100 120 140 
Pressure - Pounds Per Sq In. Gauge Above Atmospheric 


160 180 200 
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A—Long time test on cable 

B—Minute step-up voltage test on oil treated paper sheets 
C—Rapidly applied voltage test on oil treated paper sheets 
D—Impulse voltage test on oil treated paper sheets 


CONCLUSIONS 


These tests indicate that at power frequencies and 
under long time application of voltage there is a con- 
siderable increase in endurance strength of oil treated 
insulation at pressures of several atmospheres. Under 
impulse stresses, however, practically no benefit is 
derived from increased pressure. The effect of pressure 
on dielectric strength is greater the longer the time of 
voltage application, being negligible for the impulse 
voltage tests of only a few microseconds duration and a 
maximum for the long time endurance test. This is 
shown in Fig. 2. 
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- Discussion 


THE LIFE OF IMPREGNATED PAPER 
(WHITEHEAD—SEE PAGE 1004) 


THE EFFECT OF HIGH OIL PRESSURE UPON THE 
ELECTRICAL STRENGTH OF CABLE INSULATION 
(Scott—sExE PAGE 1013) 


ACCELERATED AGING TESTS ON HIGH VOLTAGE 
CABLE 
(RopER—SEE PAGE 1028) 


A NEW METHOD OF INVESTIGATING CABLE 
DETERIORATION 
(Wyatt, SPRING AND FELLOWS—SEE PAGE 1035) 

Wm. A. Del Mar: The history of electric cables has resembled 
the rivalry of guns and armor plate in the Navy. As soon as a 
new gun or shell was developed a new armor plate was made to 
render it harmless, and then a newer gun or shell appeared which 
demolished the new armor plate and so on through many cycles. 
In the ease of cables, higher working stresses and temperatures 
were the guns, ions the shells and ion-proof insulation, the 
armor plate. 

We have seen working stresses rise from less than 40 volts per 
. mil to 200 volts per mil, we have seen ions of water or electrolytes 
replaced by ions of gas, and insulation of loose lattices of low 
density paper interspersed with air, replaced by tight walls of 
high density paper, air-free, as far as the eye can detect. 

This group of papers marks an epoch in the cable art because 
it marks a new cycle in the never-ending fight between the ion 
and the dielectric. Mr. Roper proves the need of removing the 
last trace of air, Messrs. Wyatt, Spring and Fellows show how to 
detect this air, and Doctor Whitehead tells us that the next step 
will concern the air entrapped inside the paper fibers, air not 
entirely removable by heat or vacuum treatment. 

By clearly showing the superiority of high voltage cables having 
low ionization, both in service and in load eyele life tests, Mr. 
Roper’s paper indicates that cables, which are practically gas- 
free behave better than those with a little residual gas. Thisisa 
very significant discovery and contrary to the general belief of a 
few years ago. It was then thought that a small amount of 
residual gas would be advantageous as a cushion to protect the 
lead sheath from stretching when the cable compound undergoes 
thermal expansion. Unfortunately, this residual air has proved 
to be a detriment to the life of the cable and cables had to be 
made which suffered their sheaths to stretch when heated and 
suffered vacua to form when cooled. There were two unexpected 
results: the operation of 66,000-volt cable had its troubles trans- 
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ferred from the insulation to the sheath, and vacous ionization 
was found to be less objectionable than normal gas ionization. 


The new sheath stresses have led to intensive study of sheaths 
and to improvements in sheath quality. The comparative in- 
nocuousness of vacuous ionization remained to be explained. 
The following explanation is offered. Air films are permanent 
in relation to the paper and merely expand and contract in the 
load cycle. Vacua are not permanent but appear, disappear, 
and reappear in different places, each load eycle. The ioniza- 
tion in air films, therefore, produces accumulative deterioration 
of the paper, while ionization in vacua is non-accumulative and, 
therefore, comparatively harmless. 


It would seem to be quite obvious that the value of a life test 
is greater, the more closely it approximates natural aging. It is 
not surprising, therefore, that Mr. Roper’s load cycle life tests 
should prove to be better criteria of quality than other tests less 
closely related to actual operating conditions. The more closely 
a life test approaches natural aging, however, the more expensive 
it becomes and one must weigh the advantages to be gained 
against the cost. In the present case, the cost of the proposed 
tests is very high and we should be very sure of the validity of 
our reasons, before adopting them as specification requirements. 

It would seem that an oil stability test combined with the low 
ionization values should serve for ordinary routine purposes, the 
load eycle life test being reserved for occasional check tests. 

The exact nature of the oil stability test is yet to be determined. 
The writer does not believe that it will be an oxidation test but 
rather like the present Electrical Testing Laboratory test for 
X under more carefully controlled conditions. 

Messrs. Wyatt, Spring and Fellows have presented to eable 
workers a very valuable research tool and they are to be compli- 
mented for the completeness with which they have prepared it 
for use. Their paper, however, stops short of any important 
application of this tool and it is to be hoped that they will pro- 
ceed with its application to the problems of dielectric failure. 

The best starting point for research is usually where one’s 
experimental facts do not fit one’s theories. This point is found 
in the paper in the authors’ statement that the radial hydrophil 
curve does not always completely explain the radial power 
factor curve. The power factor curve of Fig. 12 is particularly 
interesting because it corresponds, in a general way, with the 
occurrence of dendrites in a single conductor cable with thick 
insulation. Dendrites originate, as a rule, about one-third of the 
way radially from the conductor surface, the very place where 
Fig. 12 shows the power factor to be a maximum. Various 
theories have been proposed to account for this, as follows: 

1. Impregnation occurs from both faces of the insulation and 
the inward-bound compound might be expected to meet the 
outward-bound compound at such a layer that the fluid resistance 
from it to the outside and the inside faces of the insulation would 
be equal. This would be somewhere within the inner half of the 
wall. The opposing sectors of compound would push the residual 
air before them with the result that there would be a concentra- 
tion of air where the opposing sectors meet. This air would 
ionize and deterioration would start. If this theory were correct 
the hydrophil curve should show a decided maximum at the oil 
meeting layers. Apparently it does not, so that this theory may 
be discarded. 

2. There is an energy-distance effect such as oceurs in connec- 
tion with corona formation around high voltage wires. A certain 
distance is required for ions to be accelerated by the electric field, 
to the speed at which they can multiply by collision and within 


that distance there can be no ionization. 


A very considerable rise in power factor occurs, however, be- 
tween the conductor and the layers of maximum power factor, 
indicating that these inner layers are by no means devoid of 
destructive activity. We may therefore dismiss this theory. 

3. Under the first theory it was pointed out that the layer of 
maximum power factor and dendrite formation is situated about 
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midway of the thermal resistance of the dielectric. It can be 
deduced from the well known formulas that this internal mid- 
layer also is the layer of maximum thermal resistance from the 
thermal sink, if we consider conductor and sheath as being jointly 
the sink. If, therefore, a number of hot spots forms in a cable, 
those nearest the layer of maximum thermal resistance from the 
sink will develop the greatest temperature and hence the most 
serious deterioration. The power factor would be raised by the 
charring of oil and paper, but there would be no oxidation and 
hence no hydrophil reaction. This theory seems to fit the limited 
facts available. 

This discussion is not for the purpose of proving a theory but 
merely to indicate how the new tool might be used for researches 
into the origin of insulation failure. 


Doctor Whitehead tries to establish a linear connection be- 
tween the penetrative power of the oil and the life of cable under 
voltage test. While conceding that this relation exists for the 
higher penetrating powers, the data presented do not justify the 
conclusion that any such relation exists for the lower penetrating 
powers. Inspection of Figs. 7 and 8 rather indicates that for 
penetration powers under 8 x 10~- the life is quite independent of 
the penetrating power. Above 12x 10- there are 5 points on 
the curves which clearly indicate the linear connection claimed. 

In other words, the applicability of Doctor Whitehead’s con- 
clusions to cable of the solid type is open to question, whereas he 
has given a very timely and important contribution to the theory 
of oil-filled cable. 

Tests made in our Yonkers laboratory with mixtures of cylinder 
oil and transformer oil, indicate that there is a certain critical 
mixture so that with more transformer oil, the cables behave as 
“oil-filled” whereas with more cylinder oil, they behave as 
“solid.” All the solid cables had approximately equal test lives. 
We did not determine the lives of the cables of oil-filled type, as 
we discontinued the life tests when satisfied that they had the 
ordinary oil-filled cable characteristics. 

If this interpretation is correct we must suspend our judgment 
on the relative merits of napthene and paraffine base oils for 
oil-filled cables, as cable No. 113 would be deprived of support 
and would stand as an isolated case greatly in need of confirma- 
tion. Furthermore, we have some evidence that at higher tem- 
peratures the relative position of the two curves may be inter- 
changed. 

The drying and evacuation at such poor vacua as 2 mm of 
mereury, and impregnation at such low pressure as used by 
Doctor Whitehead, are not calculated to give ideal impregnation. 
The excellent life tests obtained by Doctor Whitehead with 
heavy oils are due probably, not so much to the thorough impreg- 
nation as to the fact that the samples are not bent before testing 
(as with real cables). 

Doctor Whitehead tentatively explains the superiority of thin 
oil by its superior penetrability into the fibers. If this were so, a 
cable made with paper preimpregnated with thin oil, drained and 
reimpregnated with heavy oil, would be superior to one pre- 
impregnated with heavy oil and reimpregnated with thin oil. 
Such is not the case. Furthermore, heating a heavy oil cable to 
the temperature at which its viscosity equals that of a thin oil 
should leave it equal to a thin oil cable when it cools. This is 
not the case. The essential feature of an oil-filled cable appears 
to be the use of thin oil in the tape-edge spaces. 

Another pertinent fact is that an oil-filled cable even with 
considerable air, preserves a decided superiority over solid-type 
cable. Such a cable tested at a voltage sufficient to ionize the air 
and become very hot, will long outlast a solid type cable without 
developing dendrites. All of these facts are entirely consistent 
with the ion-reaction theory advanced. 

R. W. Atkinson: Publication of careful original research is 
multiplied in value by the accurate and concise presentation of 
the full test procedure and results such as has been done by 
Doctor Whitehead. With such presentation the results can be 
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combined with other data without necessarily following the 
author’s formulation. Part of this discussion is to show an alter- 
nate formulation of Doctor Whitehead’s data. 


In the paper results are correlated by computing the life in 
each ease at 400 volts per mil on the basis of the 8th power rela- 
tion between stress and time, that is, a simple hyperbolic rela- 
tion expressed by the formula g = KT~-" (g being the stress, 
T the life and K and n constants). The inferred life by this 
calculation is many times the actual duration of the test. The 
reader must not assume or understand that where the calculated 
time is greatly different from the length of time of the test, this 
type of formula can be used to determine, at all closely, per- 
formance. With solid type cables, this type of formula has been 
found of value in comparing performances of individual samples 
and has been used rather freely within a time range of a few 
minutes to a few hours. Where cables of a given type are tested 
under such conditions that the total time to failure is of the same 
general order of magnitude for each, they may be compared effect- 
ively in this way. With cables having different voltage-time 
characteristics, however, the relative strength arrived at in this 
way is of value only for a time interval of the order used for the 
last voltage step, and may bear no relation whatever to the rela- 
tive strength for some other time interval. For example, if we 
compare a given solid cable with a given oil-filled cable, we might 
find the one hour strength the same for both but the 100 hour 
strength 1.5 or 2 times as high for the oil-filled as for the other. 


The ideal way to make tests so that accurate comparison is 
possible between different specimens is by raising the voltage at a 
constant geometric rate. In this way, correct comparison may 
be obtained between the specimens regardless of the shape of the 
voltage-life curve of individual samples. A modification of this 
procedure which is more practicable in some eases is by raising 
the voltage in small geometrically progressive steps at constant 
time intervals. Approximately with the step test, and accurately 
with the constantly increasing voltage, the dielectric strength of 
different samples is given directly for the particular rate of in- 
crease of voltage used in the tests and no calculations are re- 
quired. For example, all tests made according to a program in 
which the voltage doubles in a given time, say 5 minutes or 5 
days (by geometric increase), would be directly comparable. The 
writer hopes to see such a procedure to become established prac- 
tice in making dielectric strength tests. 

Where the voltage is increased in steps, the most accurate 
comparison of the tests can be made by evaluating the results so 
as to obtain as closely as possible the stress that will break down 
the samples in a time of the order of the time used in the last 
voltage step. By using this time interval, the error resulting 
from lack of accurate knowledge of the shape of the voltage-time 
curve is reduced to the lowest amount. It may also be shown 
mathematically that errors resulting from averaging tests 
evaluated in this way are much less than those produced by 
averaging tests evaluated in terms of time. 

Consideration may be given here as to the voltage-time 
characteristics that may be obtained on samples such as those 
tested by Doctor Whitehead. Figure 1 shows the results of tests 
made in our laboratory to compare the electrical behavior of 
various oils by means of breakdown data on short cable samples 
all cut from the same length of dry core and impregnated in the 
desired oils in sets of 6 or 8 or more samples. The samples com- 
prising a set were stripped to different thicknesses of insulation, 
the entire set being submitted to the same voltage, thus each 
sample being tested at a different stress, each being tested until 
failure. We were thus enabled to construct the stress-life curve 
for each kind of oil in the time range between a few minutes and 
500 hours. It will be noted that in all cases except one, the curves 
when drawn on log-log paper with life as abscissa and stress as 
ordinate are concave upward, which means that a simple hyper- 
bolic relation does not express the characteristics for any wide 
time range. For a short time range such relation can be used 
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satisfactorily, the exponents being found here to range between 
35 and 100 (except for the one ease) in the vicinity of 10 hours life. 
In view of the character of our samples and those of Doctor 
Whitehead and in the absence of other specific data, we are 
inclined to believe that for Doctor Whitehead’s samples the 
exponent would fall in the same range. 

We have therefore recalculated and replotted Doctor White- 
head’s data in terms of dielectric strength versus penetrating 
power, (see Fig. 2). Two sets of curves are given, one plotted on 
the basis of the 80th power and one on the basis of the 20th power, 
the time in each ease being 10 hours. The maximum difference be- 
tween strengths evaluated in these two ways is 5 per cent, and it 
will be noted that a satisfactory comparison is obtained between 


KX VOLTS PER MIL 
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LIFE IN HOURS 


iDiey al 


the two types of oil by using either exponent. A satisfactory 
comparison also would be obtained if the 8th power were used, 
It should be pointed out, however, that due to the different 
average time at the last step for the samples with lower strength 
than those with higher strength, the upper part of each curve is 
not directly comparable with the lower part and no method of 
comparison of these samples can be precise without knowledge 
of the shape of the voltage-time curve for these samples. 

Only a synopsis can be given here of the reasons for the greater 
accuracy with which such data can be compared on the basis of 
voltage for a given time rather than time for a given voltage. It 
should be understood, however, that the voltage evaluation not 
only is more accurate than the other, especially where the 
voltage-time characteristics are not known accurately, but also 
gives a direct and concrete interpretation of the test data rather 
than an abstract mathematical statement. 

Mr. Wyatt has presented several new tools that should be 
very useful. To illustrate the importance of the method of 
measuring dielectric loss tape by tape, the writer refers to the 
fact that we have frequently measured the loss of the entire 
thickness of the dielectric and have then measured successively 
portions remaining after outer layers have been removed. This 
incomparably is less accurate and permits the division of the 
dielectric into three or four parts at the most. To have developed 
the very simple and rapid procedure described and to have shown 
it to be accurate and reproducible is a very valuable accomplish- 
ment. 

The subject of effect of hydrostatic pressure on the dielectric 
strength of oil-saturated paper reported upon by Mr. Scott is 
due to receive more attention both for its direct application and 
for its aid in the theory of dielectric behavior. Mr. D. M. 
Simmons and the writer presented some data of this kind in 1931.1 
This was given in connection with the description of condenser 
joints and had reference to the dielectric strength parallel to the 
surface of the paper, which is an important item in jointing and 
terminating of cable. As might be expected, the effect of pressure 
is numerically different under these conditions than perpendicu- 
larly to the surface of the paper as in Mr. Scott’s tests. In our 
tests no indication was found of variation of strength with varia- 


1. Oil Filled Cable and Accessories by R. W. Atkinson and D. M. Simmons, 
Trans. A.I.E.E., Dec. 1931, p. 1421. 
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tion of time of application of voltage within the limits of one 
second to 30 minutes. The effect of pressure was to inerease the 
breakdown strength as something like the 1/8th power of the 
absolute pressure in the range of pressure used. In comparison, 
Mr. Scott’s results on tests normal to the paper layers, showed for 
the longer test intervals, doubling of the strength for the pressure 
increase from 1 to 6 atmospheres. This corresponds to a gain in 
strength of something like the 0.4 power of the absolute pressure. 
We also observed that the ‘‘spread”’ of results for different sam- 
ples tended to become smaller as the pressure was increased and 
that the stress became decidedly smaller as the space between 
electrodes was increased. All of this is in line with Mr. Scott’s 
suggestion that occluded gaseous films explain the variation in 
strength with pressure. 

W. F. Davidson: Mr. Roper’s paper deals with methods 
applicable to complete cables. The method of accelerated aging 
tests seems to be particularly effective and it is to be hoped that 
further work will be done along the same line with cables of other 
types. The results so far obtained are very helpful in evaluating 
the effectiveness on acceptance tests of new cable and appear to 
be helpful as a type test in connection with the rating of cable of 
new designs or construction. 

Messrs. Wyatt, Spring, and Fellows have approached the 
general problem from an entirely different angle; namely, that 
of finding out just what is happening in the various parts of the 
cable. They have gone along an entirely new path and the reports 
of their reconnaissance are most encouraging. We are now in a 
position to add some quantitative measurements in a field where 
previously it has been possible to do only the crudest type of 
qualitative work. Through the methods described we appear to 
be well on the way to a more complete understanding of just what 
is happening in a cable as it deteriorates. With this information, 
it will be possible to approach the cable design problem and make 
a more intelligent attack directed toward eliminating deteriora- 
tion. The writer commends the methods to other investigators 
and urges that they apply them to a wide range of cable types and 
conditions. 
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Herman Halperin: As the thicknesses of insulation in under- 
ground cables are reduced, the problem of having ample impulse 
strength becomes increasingly important. For example, for 66-kv 
cables of the ordinary type, the impulse strength of the insulation 
is now about 4 times the maximum surge voltage that may occur 
incidental to switching. However, as indicated by Mr. Scott’s 


work and other data, increasing the long-time strength of insula- 


tion by the use of pressure or of the oil-filled principle and thereby 
reducing the required insulation thickness by 50 per cent means 
the ratio of impulse strength to operating surge voltages is re- 
duced from 4 to 2, or less. Probably this ratio of 2 is satis- 
factory, but nevertheless the situation indicates a limit on reduc- 
tions of present types of insulation, unless changes are made in 
switching arrangements. 


1018 


As the writer has information indicating a unit impulse 
strength of insulation in cables of about 30 per cent less than the 
value obtained by Mr. Scott on a few flat sheets of impregnated 
paper, it would be interesting to learn if he has correlated his 
results with impulse tests on cables. 


Doctor Whitehead’s valuable article would still be more 
interesting if he had made tests on effects of various oils in 
samples impregnated similar to the so-called solid type cables. 


Regarding his statement that ‘no compound of outstanding 
resistance to ionization has been found,” tests on compounds 
and on completed cables, and operating experience indicate that 
there has been in many eases a very large improvement in this 
resistance characteristic of compounds used in the past 10 years. 

In view of his statement that the penetrative power of oil and 
the life of the impregnated paper insulation increase with the 
square root of the effective capillary radius of the paper, it might 
be concluded that the life of impregnated paper insulation in 
eables would be higher with low density paper than with high 
density paper. On the other hand, in recent years there has been 
a tendency to use high density paper particularly adjacent to the 
conductor. The limited data received by us in short and long 
time high voltage tests indicate that the unit breakdown strength 
is increased slightly by the use of the higher density paper. 

In the manufacture of cables of the ordinary type, there has 
been a distinct tendency during the past 8 years toward the use 
of less viscous compounds, which is in agreement with the results 
of Doetor Whitehead’s research. 

In connection with conclusion 4, further research on the effect 
of the chemical structure of the oil on the life of impregnated 
insulation would be of interest. 

The methods of test described by Messrs. Wyatt, Spring and 
Fellows are very valuable because examination of dissected cable 
insulation has shown in all cases the deterioration, if any, in the 
insulation is very irregular across the radius of the cable. Tests 
on the eable as a whole do not give the detailed picture that 
these new methods will give. The Commonwealth Edison 
Company is constructing an apparatus for measuring the power 
factor of several small portions of individual tapes. 

It would be of interest to know the relation between the aver- 
age power factor of the individual tapes and the power factor 
of the cable insulation before it was dissected. The authors 
report that they used a stress of 50 volts per mil in the tests on the 
individual tapes and the writer would like to know whether, with 
this high stress in tests in air, there were any signs of ionization. 

The discussion of the possible sources of entrance of oxygen 
to cause the localized regions of high hydrophils is interesting, 
but it appears that more work is necessary in order to establish 
more definitely the mechanism of entrance of oxygen into the 
insulation. 

Fig. 9 indicates that there is no consistent relation between the 
amount of wax in insulation and the percentage of hydrophils. 
This lack of correlation seems reasonable, as wax formation is a 
polymerization process while hydrophil formation is an oxidation 
process. However, wax formation still is considered undesirable 
in cable insulation because of the increase in ionization which 
accompanies it. Therefore, while conclusion 2—that oxidation 
is a major cause of deterioration of solid type cables in service— 
is true, it should not be concluded that oxidation has replaced 
ionization and polymerization as the major cause of failure in 
high voltage cables of the ordinary type. 

Regarding conclusion 4, that ionization, as indicated by wax 
deposits, does not appear to cause sharp increases in dielectric 
losses, we have found that with 66-kv cables that have de- 
teriorated in service or in accelerated aging tests the increase in 
ionization loss is considerable in many cases; that is, increases of 
one-half to one and a quarter per cent in power factor have been 
found. In most cases, the increase in so-called solid loss was less 
than the inerease in ionization loss at room temperature, while 
the reverse was true at elevated temperatures. 
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It is stated in the paper that the viscosity of the oil was found 
to vary across the radius of the cable. How were these viscosities 
determined? 

F. M. Clark: With reference to Doctor Whitehead’s paper 
the writer is particularly pleased to report substantial agreement 
based on the work done at Pittsfield. Some 4 or 5 years ago, we 
realized the necessity of investigating those factors that were © 
fundamental in the manufacture and use of mineral oil as a 
dielectric, especially for use as an impregnant of fibrous insula- 
tion. Although our scheme of attack was quite different from 
that which Doctor Whitehead has followed, our conclusions in 
the main are substantially the same. For instance, we observed 
that a considerable variation in the life of oil-impregnated paper 
was obtained when no other factor than the type of impregnating 
oil was changed. This agrees with Doctor Whitehead’s con- 
clusion 1. The life of our impregnated papers seems to bear no 
relation to the dielectric loss either initially or as estimated by 
power factor values during the life test. This agrees with Doctor 
Whitehead’s conclusions 2 and 3. Doctor Whitehead has further 
concluded that the origin of the oil is of significance in determin- 
ing the life of the impregnated paper. We agree. 

It is with conclusions 5 and 6 that our research work varies 
somewhat in nature from Doctor Whitehead’s scheme of attack, 
although here again we reached somewhat the same conclusions. 
We observed in our work, which we hope to present in the near’ 
future, that in every case of insulation failure on life test clear 
evidence of gas elimination in the period immediately preceding 
failure was obtained. This did not necessarily result in the so- 
called wax formation. Our conclusion was that in the type of 
breakdown with which we were dealing, at least, gases were 
eliminated from the oil because of phenomena which we desire 
to discuss in future publications, the details of which space does 
not allow us’to present at this time. With this gas elimination, 
ionization and dielectric failure soon resulted. It may be that 
this gas elimination was of a thermoelectric origin somewhat 
in the manner that Doctor Whitehead suggests. There is, how- 
ever, some evidence that the cause of gas elimination is not 
strictly a thermoelectric phenomena. 

Doctor Whitehead, as a result of his work, emphasizes the 
importance of the capillary constant. In our work we emphasize 
the chemical constitution of the oil. It may be that an oil meet- 
ing the chemical tests which we have set up would possess high 
penetrative powers. If so, our work would again be in complete 
agreement with Doctor Whitehead’s. 

However, has Doctor Whitehead determined whether the 
capillary constant for different oils would be affected if it were 
determined under a vacuum rather than in contact with air? 
Also, has Doctor Whitehead determined if an oil having highly 
favorable ‘‘penetrative power’ with wood pulp paper possesses 
the same favorable characteristics with other grades of paper 
such as linen or cotton? ; 

Doctor Whitehead probably is correct in stating that the 
“specifications for a cable oil are limited usually to values of 
low voltage d-c conductivity, power factor, dielectric strength, 
aging under temperature as measured by conductivity and power 
factor, and viscosity ...’’ He will be interested to know, how- 
ever, that as a result of the researches which we have completed, 
our insulating oils, including cable oils, are inspected closely for 
their paper-impregnation characteristics and the stability of the 
resulting impregnated paper under voltage at a higher than 
room temperature ambient. 

It is observed that the life tests described in Doctor White- 
head’s paper are carried out in contact with air. The writer 
asks if any data are at hand which would lead to similar con- 
clusions as those enumerated if life tests were carried out in the 
absence of air (simulating cable practice). 

Robert J. Wiseman: Heretofore, we have been concerned 
with the kinds of paper or oil we should use, how they affect the 
physical and electrical characteristics, such as tensile strength , 
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folding endurance, dielectric strength and dielectric loss. Tests 
reported by utilities, testing laboratories such as the Electrical 
Testing Laboratory and the manufacturers have shown a steady 
improvement up to a few years ago and then very little change. 
With the better understanding of cable characteristics, a more 
intelligent manner of operation took place and although the 
utilities attempted to get all the power load possible out of a 
cable, they did not desire to do so and at the same time, sacrifice 
operating efficiency. A study of operating records indicated that 
failures in service when classified were about 20 per cent at- 
tributable to inherent causes. To reduce these, it was necessary 
to go further than the tests made at the factory or the acceptance 
tests on installation to find out why cables failed. This introduced 
the so-called accelerated aging tests. It isnot new. It has been 
used for many years, at least 15 years in England. So far it is 
still in the early stages of application in this country. Mr. Roper 
has very clearly outlined the development stages passed through 
to improve impregnated paper cables, and finally why he arrived 
at an accelerated aging test. Mr. Roper refers to the change 
from greases to heavy oils as the reason for improvement in 
dielectric strength. The writer believes it is not only the change 
to heavy oils, but also the introduction of wood pulp paper of 
fairly high air resistance in place of manila hemp paper which 
everyone now knows is not satisfactory. Here again, we have 
introduced English practice. 


Since 1926 the quality of oils and papers has greatly improved. 
The encouragement given in Mr. Roper’s paper is shown in the 
various plots where he compares the voltage-time, power factor 
tests, and ionization factors for cables manufactured from 1926 
to date. The quality of 66-kv cables has greatly improved and 
it is wished that Mr. Roper could have made his accelerated aging 
tests on cables of a later vintage than 1926 where in all proba- 
bility he would have obtained even better results than he ob- 
tained on the 1926 cables and have even more faith in the value 
of these tests. 


The curves showing the improvement in power factor and 
ionization factor with year of manufacture are particularly signifi- 
eant, in that, even in the short time of 7 years, a big advance has 
taken place in the quality of the insulation furnished. 

As a result of aging tests made by some of us and reported to 
other meetings of cable engineers it appears that we shall go even 
further than heretofore in using still thinner mineral oils, particu- 
larly for the higher voltage cables, such as Mr. Roper has re- 
ported. This becomes necessary if we are to continue using 

' solid type cables for 66-kv and obtain the long life expected. 

- With the improved quality of insulation which the cable 
manufacturers are furnishing today by reason of improved 
processes of manufacture and better materials—paper and oil— 
a new nightmare has arisen to confront the cable manufacturers, 
namely, the increasing number of cable failures due to lead 
sheaths. Mr. Roper ealls them ‘“‘lead sheath troubles.’”’ The 
writer likes to view them as operating troubles. In our desire to 
improve the quality of our cables we did not pay as much at- 
tention as we should to the lead sheath, devoting our time to 
improved insulation, so that the insulation research went ahead 
faster than the lead research. We use lead as the protective 
covering—a low tensile strength, ductile material has no yield 
point, and with constant stress, will stretch. In our cables we 
now have so much oil and almost an absence of voids that with 
the heating up of the cable, the oil expands and produces ex- 
tremely high internal pressures—as much as 115 lb per square 
inch at the conductor and 80 lb per square inch at the sheath. 
The lead cannot withstand this pressure and will expand. Re- 
peated load cycles with migration of oil from the joints into the 
cable causes cumulative expansion, the sheath splits, oil drains 
out and the cable fails. If the deterioration of the insulation is 
not given as the reason for the failure, the lead is condemned as 
defective. Actually the lead sheath originally was too thin and 
not able to withstand the internal pressure. The cause of failure 
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is assignable to operation and not to quality of cable. We are 
now realizing that lead has its physical limitations and the reeom- 
mendation to increase the thickness of lead sheaths for the larger 
diameter cables should be emphasized. We never hear of lead 
sheath troubles for small diameters such as 1 to 2 in., but 2.5 in. 
and over. The story Mr. Roper refers to could not be written or 
told if we had inereased lead walls. 

Doctor Whitehead seems to have drawn upon all his studies 
to state his conclusions. His results give us an inkling as to what 
we should get eventually for paper impregnated insulation. 
However, we must not hope for too much from some of the oils 
which he indicates are superior to others. His tests are made 
under ideal control conditions which must be so, if we want to 
classify oils properly, but the final answer will come when we 
make up cable and then conduct accelerated aging tests on it such 
as Mr. Roper has done or some other way, in order to introduce all 
influencing factors. The conclusions of Doctor Whitehead are 
due to his manner of testing. 

Doctor Whitehead’s samples are metal rods carefully hand 
wrapped, perfect control for drying and impregnating, no chance 
of bending to upset the position of the papers and as they have a 
very thin wall, he does not get the gradation in saturation likely 
to occur for heavy walls. Also, he did not make temperature 
cycle tests to affect the uniformity of impregnation. If we always 
keep in mind that he refers to well impregnated paper, he is cor- 
rect, but in our ordinary type of cables, this exists for only a few 
load eycles. Therefore, dielectric loss, power factor, and its 
changes as noted by ionization are big influencing factors on the 
life of cables. 

Doctor Whitehead reports that he found no wax in his samples, 
but did find gas. We believe if he had continued his tests at the 
lower voltages and, therefore, for a long time, wax would have 
formed in the time period between the generation of gas and 
breakdown. A much longer time of test is needed than was used 
by Doctor Whitehead to find out if the oils will wax. 

Roughly, Doctor Whitehead confirms the belief of some of us 
that the lighter oils are preferable to high viscosity oils for high 
electric stressed cables and as we get to know more about them, 
there will be an increasing tendency to use them. 

Years ago, when we did very little time-voltage testing, rather 
rising voltage tests, the writer could not appreciate thermo- 
electric theory, believing it to be a pure electric ionization 
phenomenon. Today, with all of our tests, whether on rubber, 
varnished cambric or paper—a voltage-time test, the writer still 
believes it is an ionization phenomenon but thermo effects result, 
changing the original electrical character of the dielectric, giving 
the appearance of a thermo effect only. It is doubted that there 
can be breakdown due to heating by voltage without considerable 
ionization. 

The paper by Mr. Wyatt and his associates describes a new 
tool for aging tests. It seems as if it is an adjunct to our present 
accelerated aging test method, in that, with our long lengths and 
load cycles, we study the uniformity of the insulation longi- 
tudinally and finally get failure at the weak spot. After we have 
completed the current-voltage-time test we ean take the author’s 
test for hydrophil number and power factor of the insulation and 
note how they have changed as compared to the cable when new. 
This will be a measure of how the cable deteriorates radially. It 
will be necessary to gather considerable data from both test 
methods in order to correlate them so that we do not over- 
emphasize what a high hydrophil number indicates nor how the 


power factor changes, 7. e., how shall we interpret a wide range in 


hydrophil number or wide changes in the power factor across 
the insulation with the expected life in the cable. 


Mr. Scott’s paper is of particular interest. Nearly 3 years ago 
when we were conducting our first accelerated aging tests, we 
noted the migration of the oil in the insulation leaving voids within 
the latter and not next to the conductor or the sheath. We also 
noted the high pressures that are developed when the load is 
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thrown on (115 lb per square inch in 15 minutes) and how quickly 
again a vacuum will be created (20 in. in half hour) when the 
load is taken off. Neither the pressure nor the vacuum are 
beneficial to the cable and, therefore, should be eliminated. Alse 
we did not like the abuse the lead sheath received due both te 
pressure and vacuum. Why not get rid of both effects. Put the 
cables without lead into a pipe, fill the pipe with oil and lead 
troubles are eliminated. By putting on a high pressure, you will 
never create voids and any further increase in pressure can be 
taken care of. Mr. Scott confirms some of our own studies on 
the improvement in dielectric strength of insulation. We have 
gone further and carried out elaborate accelerated aging tests 
in our laboratories on high oil-pressure cables in steel pipes, com- 
bining current and overvoltage, and demonstrated most satis- 
factorily that here lies the future high voltage cable, as it has 
thermal and electrical characteristics far superior to both solid 
and oil-filled cables and at the same time, simplifies the installa- 
tion of a cable system with a minimum amount of maintenance. 

Hubert H. Race: I was particularly pleased with Doctor 
Whitehead’s conclusions (5) and (6) because our experience also 
indicates that electrical failure of oil impregnated paper normally 
is thermoelectric in character. We feel that breakdown is pre- 
ceeded by ionization in a gas phase. In cables this ionization may 
occur in residual air, CO» or water driven out of solution by 
changes in temperature and pressure or even in vapors of light 
fractions of the oil itself if local temperatures are high enough and 
gas pressures low enough. For this reason the ability of the oil 
to wet the paper fibers is very important since the smaller the 
attraction of the oil for the cellulose, the easier the formation of a 
gas layer at the oil-cellulose interface. This wetting ability 
directly is related to “‘penetrative power’? measured by Doctor 
Whitehead although the surface tension measurements give oil- 
air rather than oil-cellulose interfacial tensions. About 2 years 
ago, we tried to find a convenient means for measuring oil-cellu- 
lose interfacial tensions, but with little success. However, we 
feel that hydrophil content of an oil is a measure of the consti- 
tuents which would have an affinity for paper and would, there- 
fore, give wetting properties. If Doctor Whitehead still has 
unoxidized portions of the oils used in his investigations it might 
be very interesting to compare their hydrophil content with the 
other properties that he measured. 

In discussing the paper by Mr. Scott the major advantage of 
high pressure cable is that it may be possible to increase operating 
voltage gradients in the oil-paper insulation. There is one dis- 
advantage, however, which cannot be overlooked and that is the 
fact that the dielectric loss per unit volume of the insulation in- 
creases as the square of the voltage gradient. In the 132-kv oil 
filled cables, the dielectric loss already is an appreciable per- 
centage of the allowable copper loss as shown by ease (1) of the 
accompanying table. For comparison, rough calculations have 
been made for the following assumptions involving doubled 
voltage gradient. In case (2) the same physical dimensions have 
been retained, but the operating voltage is doubled. In case (3) 
the same operating voltage has been retained, but the thickness 
of the insulation has been reduced so that the gradient is doubled. 
The same total watts loss per foot of cable in each case has been 
assumed, 


TABLE I—COMPARISON OF LOSSES AT DOUBLE GRADIENT 


(1) (2) (3) 
Dielectric loss (watts per ft)............. 1.02..... AOS wets ant 1.8 
Copper loss (watts per ft)............... JeIQ...., 4 OB weaves 6.34 
Total loss (watts per ft)................ Bi Ae acct toy La os ey 8.14 
Allowable current (%1I1)...........0000 100.00..... 76.00.37 8 94.00 


Both of these assumed conditions show that the dielectric loss 
is far from being negligible, in fact in case (2) it becomes equal to 
the copper loss so that the current must be reduced to 76 per cent 
of case (1) in order to prevent overheating. This brief survey 
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indicates that if higher electrical gradients are to be used in 
cables, either the current carrying capacity must be reduced or 
higher operating temperatures must be allowed, or the oil im- 
pregnated paper must be improved so as to decrease its power 
factor. 

Mesars. Wyatt, Spring and Fellows should be congratulated 
upon the development of tools for measuring electrical and physi- 
eal properties of dissected cable layer by layer. We have done 
considerable work on the power factor and hydrophil content of 
cable oils under different conditions and our results agree in 
general with the conclusions stated in this paper for actual cable 
samples. There are several detailed comments made in the 
following: 

1. It might be possible to develop another tool for use in this 
layer by layer study, namely, the analysis of gases absorbed in 
the oil in different layers of a cable. Some form of hollow steel 
needle could be inserted axially between layers of a freshly cut 
cable section, and a small portion of oil could be drawn into an 
evacuated chamber and the gas so liberated could then be 
analyzed. A rough estimate indicates that if the oil contains 
1 per cent of gas by volume, 0.1 ce of oil would be the minimum 
quantity from which to obtain gas enough to be analyzed by 
microanalysis. By improving existing methods and using both 
MeLeod and Hale-Peroni gages for gas pressure measurements, 
it might even be possible to determine the water content of oil in 
cable in this manner. The authors state that there is need for 
such determinations and that no method is now available. 

2. The author’s explanation of so-called U curves of hydrophil 
content and power factor plotted against radial thickness of 
insulation seems to be that oxygen migrates along the core and 
sheath and thence radially through the insulation so that the 
maximum amount of oxygen and, therefore, the maximum change 
occurs in the layers of paper nearest the core and sheath. This is 
certainly a possibility and perhaps a probable explanation, but 
there is a further thought. Even though the oxygen distribution 
were uniform throughout the volume of the insulation, the 
catalytic action of copper and lead would result in a concentra- 
tion with time of oxidation products in the oil nearest the core 
and sheath. 

3. The authors observed that ‘most of the oxidation products 
are concentrated in the oil within the paper tape rather than in 
the excess interlayer oil on the outside of the tapes.’’ It appears 
to the writer that the rather obvious reason is that these products 
are polar and are attracted definitely to and become adsorbed 
on the paper fibers. This very property makes them valuable 
from the standpoint of electrical endurance. 

4. The authors report hydrophil content in per cent. This 
practice seems very questionable because it involves arbitrary 
assumptions as to both the eross sectional area and the molecu- 
lar weight of the molecules that have an affinity for water. 
In a complicated hydrocarbon mixture like mineral oil, the 
hydrophilic molecules may vary widely in section and weight so 
that only average values are determinable at best. Instead of 
making arbitrary average assumptions for these two quantities, 
it seems much better to report hydrophil content as sq em area of 
film per gram of oil, which gives the actual area of spread per 
unit quantity independent of molecular size or weight. 

D. W. Roper: Doctor Whitehead says: ‘for increased eur- 
rent capacities, higher voltages, and higher temperatures, the 
oil-filled cable is indicated clearly and probably will find wider 
use as its cost is reduced and its ultimate possibilities are explored 
more completely.” 


There was installed recently in Chicago a 66-kv single con- 
ductor line of underground cable having a carrying capacity 
of 100,000 kva as the summer rating. This cable had the so- 
called “‘solid’’ type of insulation because its cost installed was 10 
per cent less than a line of oil-filled cable of the same capacity. 
The oil-filled cable of itself costs less than cable with the solid 
type of insulation, but the cost of stop joints and oil reservoirs 
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still is so high that with the increased labor cost of installing the 
oil-filled cable, these items more than offset lower cost of the 
cable itself. In spite of the fact that the prices of nearly every- 
thing else on the market have been reduced in the past 4 years, 
the price of these oil reservoirs has shown an upward trend. 


In order to get the benefit of the higher permissible operating 
temperature of oil-filled cable, either the cable must be installed 
in separate conduits, or other cables in the same conduit must be 
derated to prevent their maximum temperature exceeding safe 
limits. These latter conditions will: remain, even if the oil 
reservoirs and stop joints are reduced in price. These com- 
mercial considerations indicate the desirability of continuing the 
studies on the solid type of insulation with a view to its further 
improvement and reduction in its cost. 


At the time that Doctor Whitehead’s life tests were started, 
the accelerated life test, that is, the continuous application of 
voltage several times normal, was the best known method for 
the purpose. As he states, his samples have a degree of impreg- 
nation quite unattainable in commercial practice and the stresses 
during test range from 7 to about 12 times the maximum stresses 
used in commercial practice. Recent investigations indicate that 
a lower maximum voltage continuously applied, with load eycles, 
gives results that correspond more nearly with the service ex- 
perience and, further, that the relative stability of various types 
of insulation under such accelerated aging tests is a more valuable 
method of comparing different types of insulation than their life 
at constant temperature. 

Kenneth S. Wyatt: Doctor Whitehead has succeeded in 
sufficiently controlling the many variables so as to bring order 
out of chaos and establish a definite relationship. The depen- 
dency of life upon the penetrativity of the compound, together 
with the method for determining penetrativity, constitute a 
valuable contribution which cannot help but influence practice. 

In the introduction, the inference is made that the breakdown 
studies find application in oil-filled cable operation. Such an 
inference appears doubtful for three reasons: First, breakdown 
is not a problem in oil-filled cable operation since ionization has 
been practically eliminated; any reasonably good insulating oil of 
correct viscosity would probably be entirely satisfactory as far 
as breakdown is concerned; only when the insulation thicknesses 
are reduced would breakdown characteristics become important, 
and even now tests have been reported where the insulation has 
been reduced nearly 50 per cent without any sign of breakdown 
troubles. Secondly, oil-filled cables are fairly thoroughly de- 
_ gassed, whereas it is probable that Doctor Whitehead’s samples 
contained dissolved gas. The breakdown characteristics of oils 
are influenced to a great extent by their dissolved gas content, 
and Doctor Whitehead himself has shown that the life of oil- 
impregnated paper insulation is greatly influenced by residual 
gases. Although the samples were degassed at time of impregna- 
tion, they were placed in a bath of oil exposed to the atmosphere. 
F. M. Clark has shown (JI. Franklin Inst., Jan., 1933) that air 
diffuses very rapidly into shallow baths of oil; his results un- 
doubtedly were influenced considerably by convection currents, 
and it is probable that the same factor would operate to dissolve 
gas in the oil to a much greater extent in the case of Doctor 
Whitehead’s experiments where a pronounced temperature 
difference obtained (40 deg to 80 deg C oil and air at room 
temperature). Perhaps we can assume that the oil bath in which 
the samples were submerged was air-saturated; the degree of air- 
saturation of the insulation under test would then depend on the 
amount of gas diffusion through the holes in the inner and outer 
electrodes and at the guard ends. Thirdly, is it not probable 
that at such exceedingly high stresses as 500, 600, and 700 volts 
per mil phenomena occur which do not enter into consideration 
at operating stresses of 100-150 volts per mil? For instance, it 
has been suggested that a secondary ionization occurs in the gas 
films condensed along the fiber surfaces; such secondary ioniza- 
tion might only occur at very high stresses, say 600 volts per 
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mil or over, although at 200 volts per mil it would not be a factor. 
Some such effect may be indicated by the curves of Fig. 3. The 
increases of power factor with voltage of oil 102 may not represent 
an accelerated effect, but may indicate an aging that is entirely 
absent at lower stresses. The point of this discussion is that there 
is considerable question about applying many of these breakdown 
results to operating cables. The work described has evidently 
been well directed and carried out; we appreciate that researches 
of this type are essential to feed the more practical studies, but 
believe that at present it is unwise to attempt to interpret these 
results so as to make them directly applicable to practice. 

Fig. 3 shows a continual increase in power factor with hours of 
aging for several of the naphthene base oils. May this not be due 
to oxidation or oxidation in the presence of ionization? The 
initial values of power factor for these oils are higher than the 
other oils, indicating perhaps that they contain unsaturates 
which have combined with oxygen since the refining process. 
The longer life of these oils might be explained as due to the 
presence in the oils of unsaturates according to the following 
speculative theory: Most theories of breakdown hold that 
cumulative ionization takes place in the gas phase in some stage 
of the failure. Those oils that evolve large quantities of gas when 
subjected to ionization should tend to fail more readily than 
those oils evolving smaller amounts of gas. Our studies of the 
effect of structure on gas-evolving properties of oils under cathode 
ray bombardment indicate that the greater the unsaturation, the 
less the gas evolved. It would be interesting to learn whether 
Doctor Whitehead’s longer-lived oils contained any appreciable 
amount of unsaturates that would take up gas liberated by 
ionization from the more saturated portions of the oil. It is 
unfortunate that no data are available as to the probable struc- 
ture of these oils; even iodine and sulphuric acid values would 
give some idea of the content of unsaturates. 

In the study of the effect of structure on breakdown it would 
be highly desirable to work with synthetic oils typical of several 
classes of structure. The methods by which these oils may be 
produced have only recently been developed. One advantage of 
these oils is that they may be obtained pure and free from the 
sulphur that is present in most natural oils even after refining. 
It must, of course, be realized that even when structure has been 
related to electrical breakdown it may be difficult to select 
satisfactory natural oils for service unless we have means of 
determining their structure. 

Although it is true that considerable effort has been expended 
in studying wax formation and allied phenomena referred to in 
the introduction, usually such studies have formed only a part 
of general cable investigations. Doctor Whitehead finds little 
encouragement in the results of wax studies in producing new or 
improved types of cable. However, it should be emphasized 
that many of the ionization studies have had as their object not 
only the selection of resistant materials but of learning more of 
the nature of ionization and the mechanism of the changes which 
it causes in oils and papers. Solid type cable will hold its place 
for high voltage transmission up to 66 kilovolts for a long time to 
come; hence a clear understanding of the deterioration processes 
is essential to improved operation. Not ali are as sure that oil- 
filled cable is the complete answer as is Doctor Whitehead. It is 
common experience in making improvements that when one 
trouble is suppressed another may become more pronounced. 

In conclusion, the problems of high tension insulation are so 
involved that it will only be by attacking them along a number 
of different lines that a complete solution will be obtained. It 
is of the highest importance to the industry in general that these 
researches be sustained. One of the most vital of such researches 
is Doctor Whitehead’s undertaking; it is greatly to be desired 
that funds will be forthcoming for its continuance. 

- H. A. Dambly: Mr. Roper concludes that loading is one of the 
important factors effecting the stability of cable insulation, and 
points to the necessity for including actual loading cycles com- 
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bined with voltage tests if long-time performance of the insulation 
is to be predicted. He supports this conclusion by citing operat- 
ing experience with heavily and lightly loaded lines. 

Operating experience with the 66-kv cables of the Philadelphia 
Electric Company supports the view expressed in regard to the 
importance of loading. The following table shows the record of 
failures attributed to insulation defects or deterioration for three 
installations. Each consists of single conductor 750,000 cir mil 
cables of the so-called solid type, the first (6601-6602) having 938 
mils of insulation (80/32in.) and the others 812 mils (26/32 in.). 
Interpretation of the performance of these lines is clouded by the 
fact that in addition to the 31 failures listed there were 23 of 
which the cause could not be assigned. 
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ionization factor with time (see Fig. 11). This is the most in- 
teresting question presented by this paper. The present accepted 
theory of gaseous ionization as the result of temperature cycles 
seems to call for an increase in ionization factor in all cables of 
this type. What then are the differences amongst the cables here 
reported which give such wide variation amongst the values of 
ionization factor? 

It is the understanding that Mr. Roper is proposing tests of 
this character for the predetermination of cable quality. Two or 
three weeks are mentioned as the possible time over which they 
might extend. Is he not unduly optimistic as to the moderate 
additional cost which is involved? Looking at the other side of 
the picture one may well ask whether it might not be worth 
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NOTE: In addition, there were 23 failures for which the cause was not assigned. 


Eliminating the failures which occurred in 1926 and 1927, due 
to initially defective insulation, and recognizing that there were 
a large number of failures due to unknown causes, it still seems 
significant that on the 2 heavily loaded installations (6603- 
6621, and 6604-6622) 9 failures occurred in 1932 that were 
attributed to insulation deterioration, while on the lightly loaded 
installation (6601-6602) there have been no failures attributed to 
insulation defects since January 1928. Experience thus far in 
1933 continues that of 1932. 

While it is unsafe to generalize too freely in comparing the 
records of several systems, due to differences in maintenance 
practices and other variables, the relative effect of loading on the 
performance of the Philadelphia cables is similar to that in 
Chicago. 

J.B. Whitehead: In the paper by Mr. Roper we have for the 
first time a correlation between service record and accelerated 
life tests in eables. There is nothing surprising in the correlation 
that has been found. Accumulated evidence from various direc- 
tions is almost overwhelming that the failure of solid cables in 
service is due to internal ionization super-induced by temperature 
eycles. Consequently approximate and intensified service con- 
ditions applying to the laboratory must necessarily give similar 
results. The only question that has existed as to the value of the 
accelerated life test has been whether or not the short time and 
the higher voltages have introduced factors not present in service. 
The present paper shows the limits of acceleration within which 
agreement is to be found and even suggests that a higher rate 
might probably be utilized. 

The results reported indicate wide differences in the values of 
ionization factors. Several examples are shown of a decrease of 


while to compare these costs as well as the performance character- 
istics for solid core cables with the corresponding cost and be- 
havior of the oil-filled cable. The writer’s suggestion is that the 
excess first cost of the oil-filled cable may be lowered substantially 
if in the interest of satisfactory life, it becomes necessary to bur- 
den the solid cable with an elaborate program of preliminary 
accelerated life tests. 

The two instruments described in the paper by Messrs. Wyatt, 
Spring and Fellows constitute important new methods for 
studying the changes which take place in impregnated paper 
insulation in service. At first sight it might appear that since 
small differences in oxidation production are being measured, 
the well known avidity of cable oils for the absorption of gases 
might well lead to error in the open methods used for both power 
factor and hydrophil content. However, the variations which 
have been found as between new and aged eable, as for example, 
Figs. 6 and 7, would seem to indicate that the brief periods of 
exposure in the measurements introduce no serious error. 

As regards the power factor hydrophil relations, two questions 
arise: 

1. Why should the hydrophil content in the centre of the 
laboratory-aged cable of Fig. 6 be so much lower than that of the 
new cable? 

2. What is the relation of the values of power factor as mea- 
sured on the individual tapes to the overall power factor of the 
eable? 

The results indicate in very definite manner that there are two 
and perhaps more types of deterioration in cables. That due to 
ionization, the common result of which is wax formation, has 
long been recognized. The second type, namely, an increase of 
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power factor due to hydrophil content is new. It is, therefore, 
important to examine as well as we can its probable importance. 
Some of the values of power factor due to this cause apparently 
are very high, and so constitute serious limitations or danger. 
On the other hand, these values pertain to the tapes alone and 
it is not stated what is the overall power factor of the cable. It 
is to be noted that a moderate increase of power factor due to 
oxidation, while it must be considered a deterioration, does not 
necessarily lead to a substantial shortening in the life of the 
cable. Gaseous ionization, on the other hand, is not only an 
active deteriorating agent, but a powerfully destructive agent. 
The paper offers very few data bearing on the relative importance 
of the two causes of deterioration, although there is distinet 
suggestion that they are independent of each other. 


Howard S. Phelps: Operating experience with the thinner 
oils used in the higher voltage cables indicates that the electrical 
character or quality of these oils deteriorates progressively with 
time in service. The determination of the exact nature and 
Significance of these changes is being studied intensively by 
various investigators. 


The work reported by Messrs. Wyatt, Spring, and Fellows in 
their paper discloses very promising methods for attacking some 
of these obscure problems. 

The study that the authors have made of the hydrophil con- 
tent in used oils is extremely interesting since it seems to indicate 
that that factor should be of great assistance in investigating 
deterioration in service of insulating oils. Apparently it sheds 
considerable light on the nature of the chemical changes that 
take place. This results from the possibility to differentiate be- 
tween types of deterioration; that is between deterioration re- 
sulting from oxidation and that resulting from polymerization 
which is apparently the result of ionization. 

R. L. Dodd: Messrs. Wyatt, Spring, and Fellows have demon- 
strated that the increase in hydrophil content and the increase 
in power factor are due to the presence of air in the cable. Modern 
eables have substantially all of the air removed during manu- 
facture. The small amount which remains is so uniformly dis- 
tributed throughout the insulation that its effects would result 
only in substantially flat hydrophil and power factor curves. 

We must lay the responsibility for high power factors in the 

tape layers nearest the surfaces to air which is admitted to the 
eable after it has been made. Joints and terminals which are 
supplied with oil from permanent reservoirs or are frequently 
serviced with insulating compound should be absolutely tight and 
. permit no air to enter the cable. : 
_ It is frequently noticed that solid type cables draw in air as 
soon as the end seals have been removed. This is due principally 
to two facts, first, that the lead sheath stretches somewhat dur- 
ing the reeling, handling, and unreeling operations, creating a 
larger volume and a partial vacuum within it, and second, that 
the field installation temperature usually is lower than the 
temperature in the cable mill at the time the cable is sealed up 
in its lead sheath. 

It is imperative that, if we are to prevent this quite common 
entrance of the air into the cable as soon as the seal is removed or 
the sheath cut, the cable ends must be at a pressure equilibrium. 
This equilibrium can be maintained by providing the reels with 
reservoirs of oil which are connected to the cable ends con- 
tinuously from the time it is made until it is in its final position 
in the conduits. Where the cost of such equipment is not justi- 
fied, the pressure equilibrium should be restored immediately 
before the cable sheath is opened for installation or splicing. This 
ean be done by a device for puncturing the sheath of the cable 
under an oil seal and injecting cable oil under pressure until the 
pressure within the cable is at or above atmospheric. The latter 
method is one readily applied in the field to solid types of cables 
at a cost much less than the cost of providing the reels with 
reservoirs. 

Such a device for reimpregnating cable ends in the field has 
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been in use on 27,600-volt cables in Milwaukee since early in 
1931. Each cable end is treated with suitable cable oil to refusal 
at a pressure of 15 lb per square inch above atmospheric. Some 
cable ends will admit no oil, while others take as much as 5 Ib 
before refusal. The average amount admitted under this treat- 
ment varies from about 14 Ib in summer to 1 Ib in winter. The 
average time required is less than 10 minutes. 


J. B. Whitehead:: The principal comments that have been 
made upon my paper fall into two classes, first, its significance as 
related to the solid core cable, and second, the form in which the 
results are reported. 


Several discussors have pointed out that the life values given 
by us should not be used for an estimate of the life of solid core 
cables. I agree to this, and in fact, the paper itself states defi- 
nitely that the results may be considered as applicable only under 
conditions in which it is certain that internal gaseous ionization 
is not present. We have attempted to show that with thorough 
impregnation and gaseous ionization absent, there are marked 
differences in the life of impregnated paper as related to the 
impregnating oil. Furthermore, we have indicated that the con- 
ditions of our test seem to approach closely to those obtaining in 
the oil-filled cable. I do not find in the discussion any question 
of the accuracy of the results and conclusions. 


Messrs. Atkinson and Wyatt would prefer to present our re- 
sults as short time breakdown tests rather than as accelerated 
life tests. In particular, the 8th power relation between stress 
and time is questioned. We have made no special claim for the 
accuracy of the latter method, but have used it as a simple and 
convenient method which has often been used, and in the ab- 
sence of any recognized accurate method for presenting the 
results of accelerated life tests. Mr. Atkinson’s preferred 
method of quoting the results in terms of voltage for a given 
time also will reveal the same sequence of increasing values, with 
increasing penetrativity, although the ratios as between different 
pairs of oils will be of substantially lower values than those shown 
by us in using the conventional relation of time for a given 
voltage. Mr. Atkinson’s comment appears to question the value 
of any type of accelerated aging test for the determination of 
relative life. I would be interested to have his comment, for 
example, as to what significance if any, he would attach to our 
results as related to oil-filled cables. 


Mr. Del Mar questions the use of a 2 mm vacuum. This 
value was selected as representative of wide manufacturing 
practice, as revealed in a series of visits to a number of factories. 
So far as visual gas and ionization characteristics are concerned, 
it gives excellent impregnation. We have made many studies with 
pressures down to 0.25 mm and lower, and have reported the 
effects of such differences in pressure on life elsewhere. 


Mr. Halperin raises the question of the effective capillary 
radius of the paper with decreasing density of paper. We agree 
that with decreasing density, a point is reached where the relations 
we have shown do not obtain. We believe, however, that in this 
case the oil channels between paper fibers rather than the proper- 
ties of the fibers themselves become the chief factor limiting life. 


Messrs. Wyatt and Clark have commented upon the fact that 
our test baths are in contact with the air, and have raised the 
question as to the possible penetration of oxygen into our sam- 
ples. We do not believe that such penetration is present in any 
substantial amount. The possibility of admission through ends 
and outer coverings is very small. There is no change in values 
of power factor and loss due to oxidation over the whole period 
of test. If such an influence is present, we cannot detect it, and 
it is, of course, uniform over the whole range of comparative 
tests. 

J. A. Scott: Replying to Mr. Halperin on unit stresses the 
following table lists a comparison of A, results of impulse voltage 
tests on flat sheets (taken from Table IV) and B, results of im~- 
pulse voltage breakdown tests made on single conductor cable 
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(0.187 oil-treated paper on 500,000 cir-mil stranded-copper 
conductor) : 


Thickness Impulse Breakdown “Average” 

(inches) Voltage Kv Crest volts /mil 
A O OLS. 55 nace os 51.0 siete ae 1p4OO. 
B ONS Te ircosee oul aias 360.0 et Hace OOO 


Obviously a direct comparison between such geometrically 
different configurations as A.S.T.M. disk electrodes and a lead- 
covered single conductor cable is to be made with caution. With 
this realization, however, it is of interest to note that the im- 
pulse strength is not directly proportional to thickness over this 
range of thickness. 

D. W. Roper: In the paper by Messrs. Wyatt, Spring, and 
Fellows it is stated, ‘Experimentally it has been found that the 
molecular weight and the viscosity of the oil do vary across the 
radius of a used eable.’’ Through the courtesy of Mr. Wyatt, 
a radial viscosity test was made on the oil removed from a piece 
of the 1,000-foot length of cable A that failed after 9 months of 
operation at double voltage at 108th Street, in addition to the 
other tests described in detail in their paper. The radial viscosity 
curve, Fig. 3 of this discussion, shows an increase of about 
tenfold in the viscosity of the oil, the maximum viscosity being 
at a point about one-third of the distance from the conductor to 
the sheath. As this is a very much larger increase than the 
changes in power factor or ionization factor, as stated in my 
paper, the radial viscosity test is a far more sensitive method of 
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detecting changes in the impregnating compound than the 
ionization and power factor tests. The accelerated aging test 
proposed by the author will, therefore, become far more useful 
if the radial viscosity test and the other tests developed by 
Messrs. Wyatt, Spring, and Fellows are utilized in the examina- 
tion of the insulation upon completion of the tests. 

Mr. Del Mar states that the dendrites originate as a rule 
about one-third of the way radially from the conductor surface, 
and this is in accord with the author’s observation. It is to be 
noted that this point corresponds very closely with the point of 
maximum viscosity of the oil in the radial viscosity curve, Fig. 3 
of this discussion. Mr. Del Mar also states, ‘‘If, however, the 
oil is thick, the gaseous ions will be obstructed and hot spots will 
be developed.” Messrs. Wyatt, Spring, and Fellows state, 
“most of the oxidation products are concentrated in the oil 
within the paper tapes rather than in the excess interlayer oil 
on the outside of the tapes.”” Doctor Wiseman states, ‘‘Doctor 
Whitehead confirms the belief of some of us that the lighter oils 
are preferable to high viscosity oils for high electric stressed 
cables * * *.” These statements and observations may be com- 
bined into a theory about as follows: Any change in impregnat- 
ing compound is a sign of deterioration. The change occurs most 
rapidly when the particles of oil are restrained from shifting their 
position during the heat cycles. This restraint is greatest for the 
oil among the fibers of the paper, and it is greater for heavy oil 
than for light oil. The failure of the 1,000-foot cable A apparently 
was due to the very great increase in the viscosity of the oil at 
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the point in the insulation where the signs of deterioration are 
first noted in similar cables. The discussion indicates that an 
increase in the life of the cable can be obtained, using for the 
impregnating compound an oil equally as good in its electrical 
properties, but which will not thicken under the conditions of 
service. 

Doctor Wiseman states, ‘it appears that we shall go even 
further than heretofore in using still thinner mineral oils, particu- 
larly for the higher voltage cables * * *.” Such a change ap- 
pears to be quite in accord with the above theory. Several cable 
manufacturers in past years have mentioned informally the ad- 
vantages of the thinner oils, but had expressed some fear that 
the compound might drain from the cable ends when they were 
exposed for the jointing process. During the past few years 
methods have been developed for connecting sections of oil-filled 
cable with the core filled with oil, and similar methods may be 
used without excessive cost in connecting lengths of the solid type 
of cable impregnated with much thinner oils than are now in 
common use. Such a change in the impregnating compound 
should result in insulation of greatly improved quality, thus ren- 
dering feasible further reductions in the thickness of insulation 
for the higher operating voltages. 

The superiority of oil-filled cable containing considerable air 
over solid type cable made according to the same theory may be 
due entirely to the mobility of the oil in the oil-filled cable, as the 
oil used in such cables is quite fluid at all operating temperatures. 

Mr. Del Mar suggests than an oil stability test, combined with 
the low ionization values, should serve for ordinary routine pur- 
poses. This appears to be an excellent suggestion, provided that 
the test is made with the oil in contact with the paper and that 
it is sufficiently continued so as to enable an oil to be selected 
which will not increase in viscosity under service conditions. 
Other research investigations have shown that the impregnating 
oil in a paper insulated cable is rendered more sensitive to change 
by some of the residual impurities in commerical cable papers. 

Doctor Whitehead comments on the decrease of ionization 
factor with time of several of the cables (Fig. 11) and inquires 
for the cause of this wide variation amongst the values of the 
ionization factor shown in that figure. No information was ob- 
tained during the tests which appeared to account for the reduc- 
tion of the ionization factor of several of the cables with time, 
but perhaps the result is due to the dispersion of redistribution of 
the vacuous spaces in the insulation, as Mr. Del Mar states, 
“Vacua are not permanent but appear, disappear, and reappear 
in different places, each load cycle.” 

Doctor Wiseman regrets that accelerated aging tests were not 
made on cables of later vintage than 1926. In Fig. 13 it is shown 
that the data were obtained from 5 cables made in 1929 and 5 in 
1926. About 80 per cent of all cable subjected to the accelerated 
aging tests was made subsequent to 1927 and data regarding such 
cables, omitting the year of manufacture, are shown in Figs. 10, 
11, and 12. The author regrets that the limitation of space ren- 
dered impossible a more complete exposition of the considerable 
improvement in cable quality subsequent to 1926. 

Doctor Wiseman suggests that it seems preferable to test at 
moderate voltages, such as 1.5 to 1.75 times normal, for indica- 
tions of instability. As stated in the paper in connection with 
Figs. 10 and 11, tests at 1.5 times normal voltages are unsatis- 
factory because they require too long a time to obtain conclusive 
information. Mr. Del Mar and Doctor Whitehead consider that 
the cost of the test even at double voltage will be very high. Ob- 
viously in order to reduce the cost of the test, it should be made 
at as high a voltage continuously applied as may be possible 
without producing results which are materially different from the 
changes brought about in the insulation under normal service 
conditions. The new tools for the examination of the insulation, 
developed by Messrs. Wyatt, Spring, and Fellows, will assist in 
determining the best voltage for the purpose. By using these new 
tools in the examination of the insulation of the eable samples 
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subjected to the accelerated aging tests, and by making a similar 
examination of the insulation of cables which have been in service 
for several years, and which are removed on account of changes in 
the system, or failures due to external damage and other similar 
causes, it should be possible to prepare a curve for each type of 
cable showing the rate of deterioration of the cable with years of 
service and also to correlate this curve with a similar curve ob- 
tained from the cables subjected to the accelerated aging test. 
The proposed test then can be used to advantage without incor- 
porating it in the specifications, by subjecting sample lengths of 
eable obtained from the various manufacturers to the accelerated 
aging test a few months in advance of the placing of a commercial 
order, and utilizing the information so obtained to select the 
manufacturers whose product has the lowest rate of deterioration 
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with years of service. The information at-present available indi- 
eates that the rate of deterioration for the various types of cable 
now in our system ranges from about 2 per cent to about 5 per 
cent. It further appears that in those future years in which cable 
is purchased the value of the 66-kv cable purchased in any one 
year will be at least $500,000. As practically all of the equipment 
required is now available, the cost of making the tests above de- 
‘seribed will not exceed 1 per cent of this figure, so that, if the 
test will enable cable to be selected which will have an average 
rate of deterioration 1 per cent per annum less than would be 
possible without the test, then the cost will be saved each year 
thereafter by the reduction in the deterioration of the cable. 

The test results, reported by Doctor Wiseman, of 3,870 hours 
of life at 3 times normal voltage for a 66-kv cable appears to 
indicate that the high quality of the insulation warrants a re- 
duction in its thickness. The statement also applies to cable A 
tested at 108th Street. 

In commenting on the lead sheath troubles mentioned by the 
author in presenting the paper, Doctor Wiseman alleges that the 
cause of the failure of the lead sheath is assignable to operation, 
and not to quality of cable. The record of replacements of 66-kv 
cable due to insulation failures and to lead sheath failures is 
shown in Fig. 4 of this discussion. Interesting information re- 
garding the causes of defects in lead sheaths and the means of 
their prevention are contained in a paper by Messrs. Dunsheath 
and Tunstall of W. T. Henley’s Telegraph Works Company, 
Ltd., on ‘The Physical Properties of Lead Cable Sheaths’”’ which 
appears in the Journal of the I.E.E. for March, 1928, and in a 
paper on ‘‘Occurrence of Irregularities in Lead Cable Sheathing 
and Their Relation to Cable Failures” by W. H. Bassett, Jr., and 
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C. J. Snyder of the Anaconda Wire & Cable Co., presented to the 
A.I.M.E. in February, 1933. 

A total of 84.4 per cent of our replacements on account of lead 
sheath failures was due to longitudinal splits, laminations, blis- 
ters, and dross, which, according to these two papers, are within 
the control of the cable manufacturer and can be eliminated by 
proper equipment and workmanship. In addition, 6.0 per cent 
of the troubles occurred where the thickness of the lead sheath 
was below the specified limit of tolerance in the purchase order. 
This makes a total of 90.4 per cent of the lead sheath troubles, 
which, according to other cable manufacturers, are within the 
control of the manufacturer. It is, therefore, very refreshing to 
note Mr. Del Mar’s statement that ‘“The new sheath stresses have 
led to intensive study of sheaths and to improvement in sheath 
quality.” 

Mr. Dambly’s statement regarding the Philadelphia experience 
with 66-kv cables confirms the author’s conclusion that the 
heavily loaded cables deteriorate in service faster than cables 
carrying lighter loads. It would even be more interesting if the 
data could be analyzed so as to indicate the approximate loading 
that causes an increase in the rate of deterioration. 

K. S. Wyatt: We are pleased that Mr. Halperin has asked us 
to explain our reference to radial variations in viscosity of some 
cables after use because it is now clear that this may be a point 
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of great practical importance. In making radial hydrophil and 
power factor measurements on a single-conductor, 66-kv cable 
impregnated with mineral oil compound which had been sub- 
jected to loading cycles, we noticed that as we progressed from 
sheath to conductor the compound varied noticeably in both eolor 
and thickness. We, therefore, measured the viscosity of the oils 
extracted from groups of paper tapes selected from different radial 
zones. The results are shown in Fig. 5. On this we have plotted 
also wax deposits estimated visually. The unusual radial viscosity 
curve led us to check our methods; this work confirmed the curve 
shown. Our next step was to measure radial viscosity on a sample 
of new cable; the resultant curve also is shown in Fig. 5. Sur- 
prisingly enough the curve is not flat; but yet it is much lower 
than that for the aged cable. 
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It is to be noted that the peak of the wax curve roughly coin- 
cides with the peak of the viscosity curve. This observation leads 
us to believe the thickening of the oil was caused by gaseous 
ionization. It is suggested that measurement of viscosity of the 
oil at different radial points may be a more sensitive method of 
detecting whether ionization has taken place than the presence of 
wax. 

The importance of radial changes in viscosity of cable com- 
pound lies in the possibility that they may be responsible for 
many failures in service. When the compound thickens, due 
perhaps to mild ionization, it is unable to flow outward and in- 
ward with daily heating and cooling of the cable. As aresult, large 
voids are formed, ionization is intensified, and failure results. If 
this theory is true, it should be possible to devise a test whereby 
oils may be selected for constancy of viscosity under operating 
conditions. At present we are improving methods of measuring 
viscosity of small samples of oil and of making radial measure- 
ments on additional service-aged cables. 


In answer to other questions of Mr. Halperin, repeated tests 
show that, at 50 volts per mil, we experience in our power factor 
cell no ionization. Our conclusion that ionization does not cause 
large increases of dielectric loss needs amplification. We meant 
that gaseous ionization in the cable during service, as indicated 
by wax deposits, does not cause large increases in the power 
factor of individual tapes when measured in the cell we have de- 
seribed; in other words, the cable’s “‘solid loss’’ or loss measured 
at low voltage does not increase significantly as a result of ioniza- 
tion, of course assuming no air to be present. 


It is interesting to note in commenting upon Mr. Atkinson’s 
remarks, that several years ago we also tried measuring the power 
factor of different radial sections of used cable but with indifferent 
suecess. Later we were under some pressure to explain the U- 
shaped hydrophil curves which we obtained on used cables, and 
as a result, built the power factor cell we have described. The 
curves obtained with the power factor cell are frequently more 
regular and convincing than the hydrophil curves which in the 
first place led to the power factor measurements. 


As Mr. Del Mar points out, many practical applications await 
the new tools. We are now. proceeding with some of these appli- 
cations. One of these is to test the relative ease of oxidation of 
paper tapes taken from new cables impregnated with different 
oils. We want to know how an oil oxidizes when mixed with im- 
purities from the impregnating tank and from the paper, not how 
it oxidizes by itself. This we can find out by exposing the tapes 
to dry air and by measuring periodically the hydrophil content 
and power factor. In a similar manner we can compare the resis- 
tance of different insulations to discharge alone or in the presence 
of air. As Mr. Del Mar suggests, the radial method is useful in 
enabling us to discard many theories of deterioration. 


We agree with Mr. Dodd’s observations that solid cables draw 
in air when the end seals are removed. We are of the opinion 
that most of the U-shaped hydrophil curves we have found in 
service-aged cable are caused by air which has entered in this 
manner or at leaky joints or at the factory before leading. How- 
ever, some recent evidence indicates that oxidation in certain 
cases may be due to other causes. We have recently re-impreg- 
nated the ends of cable samples which were put through accel- 
erated aging tests. There is some evidence to show that this pro- 
cedure is a logical precaution against entry of air and subsequent 
oxidation. 

Doctor Race suggests another tool for layer-by-layer studies of 
deteriorated cable. Undoubtedly this and other tests which have 
been suggested, such as breakdown tests layer by layer, will give 
much new information in cases where deterioration has been 
sufficiently intense. His second suggestion that the copper and 
lead may catalyze oxidation at conductor and sheath and thus 
account for the U-shaped curves without longitudinal leakage of 
air is a good one. At the outset we considered this and other 
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possibilities and with the data we then had at hand we felt that 
in general the odds were much against such an explanation. It 
may be recalled that some years ago the same question came 
up in connection with our studies of dissolved copper. (Associa- 
tion of Edison Illuminating Companies Minutes for 1930, 
pages 575-579, Mechanism of Cable Deterioration, Hirshfeld, 
Meyer and Wyatt.) Did the copper first catalyze oxidation of the 
oil and then react with the oxidation products or was it dispersed 
colloidally by gaseous ionization? With more data at hand we 
still feel that leakage of air along the cable is responsible for the 
U-shaped curves on 3-conductor cables such as we operate. 
Catalysis by metals would not explain the double U-shaped 
curves of belted typed cable such as are given in Fig. 10, where 
U-curves turn up at the filler space although there is no metal 
present. Then again where leakage is known to have occurred at 
potheads on accelerated aging tests only one leg of the U-curve 
is sometimes found, indicating, we believe, that leakage occurred 
along the copper conductor only. However, some recent studies 
on single-conductor cable lead us to believe that catalytic action 
of the copper or lead on dissolved air may possibly be responsible 
in some eases for the U-shaped curves. The most probable picture 
at present then is that leakage of air is the predominant cause of 
most of the oxidation observed in service-aged cables of the 
3-conductor type. In other types of cable under special conditions 
where leakage may be absent other factors may become the chief 
cause of the U-shaped curves. 

Although Dr. Race prefers hydrophil content expressed in area 
of spread per unit weight of oil, we believe our results are ren- 
dered more intelligible and more digestible to practical operating 
engineers by expressing them in per cent. We have clearly stated 
the assumptions on which per cent figures are based, and these 
assumptions should not be forgotten. 

The use of the radial method as an adjunet to accelerated life 
tests for cables has been suggested by Doctor Wiseman. We al- 
ready have some experience along this line. For a number of 
years we have been attempting to develop a load-cycle aging 
test procedure for 3-conductor cable similar to that described by 
Mr. Roper for single-conductor cable. We believe the load-cycle 
aging test to be a most valuable test for judging cable quality. 
In the interpretation of the results we have found the radial 
hydrophils and power factor to be of great assistance. For ex- 
ample, on some of our samples aged a few years ago, the U-curves 
were most pronounced. As we took greater and greater precau- 
tions in cutting the cable samples (e.g., forcing in oil through the 
sheath before cutting to prevent inrush of air) and in pothead 
construction, the radial power factor curves after aging were 
lower in value, sometimes not greatly different from those of new 
cable. Not all the data fit into this picture, but there is a distinct 
trend. The ‘‘solid loss,” e.g., dielectric loss measured at low volt- 
ages, increased after aging treatment less and less as the precau- 
tions against leakage became greater. In view of this and other 
data we must now ask ourselves if there can be any increase in 
solid loss of a cable due to load-cycle aging as described by Mr. 
Roper if air is rigidly excluded at every step of the procedure. 
It now appears that possibly small increases in solid loss might 
take place during a 30- to 60-day test without leakage of air into 
the cable during preparation or aging. Any large increase in solid 
loss we now believe should be attributed to leakage of air. These 
statements apply only to modern cable of good manufacture, 
because of course, a great many inexplicable changes might take 
place in the older type cables. If this theory, of which we have 
partial confirmation, is correct, it would seem that there are very 
few, if any, accelerated tests on cables that have been run pre- 
vious to the last year or two, the results of which have not been 
affected by oxidation. Prevention of air leakage at all stages of 
the aging procedure is an exceedingly difficult task because of 
the alternate pressure and vacua which obtain in eable from the 
day it leaves the factory. It also is difficult to comprehend the 
effect of small amounts of air on overall dielectric loss. 
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The inconsistencies pointed out by Doctor Whitehead may 
readily be explained. They do not constitute serious criticism of 
the method even if there were no theoretical explanation. For 
example, the minimum values of hydrophil content for different 
makes of cable vary considerably depending on the compound. 
This variation not only is due to different content of oxidation 
products but also to the area occupied on the water surface by 
oil globules which contain no hydrophils. The effect of a given 
amount of hydrophils on power factor varies with different oils 
for a number of reasons, one of which is that the average dissocia- 
tion constant of the oxidation products varies in each ease. In 
the case of Fig. 6 the apparent inconsistency is more readily ex- 
plained. Although made by the same manufacturer, the aged 
cable was fabricated in 1930 and the new cable in 1933, the type 
of compound having been changed during the 3-year interval. 
However, we quite frequently find that on aging, if no oxidation 
has taken place, the hydrophil values drop somewhat. This may 
be due perhaps to polymerization of the oxidation products under 
operating or test conditions. It is also possible that as suggested 
by Doctor N. K. Adam, a portion of the oxidized molecules split 
up under further oxidation into smaller molecules, each contain- 
ing oxygen; the small oxidized molecules are soluble in water and 
do not contribute to the spread. However, under normal condi- 
tions in a cable we do not believe either of these factors operates 
to any great extent. 

We have recently obtained curves of power factor and hydro- 
phil which very closely resemble one another. This improvement 
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was obtained on thin oil cable by pressing out the oil from the 
paper by a roller-press instead of extracting it together with 
paper impurities by means of benzol or hexane. 

Recently we have measured the power factor of the paper 
tapes of a 64-foot length of single-conductor high-voltage cable 
at 6 points along the length. The overall power factor at 60 C and 
50 volts per mil calculated from the power factor of the paper 
tapes is 0.85 per cent. The overall power factor of the cable as 
measured at 60 C and 28 volts per mil is 0.75 per cent. This we 
consider to be a good check, since the powerfactor-voltage curve 
for thin layers of insulation has an appreciable upward slope which 
is due to other influences than ionization. 

We do not wish to be misunderstood as recommending the 
two tools described as a sure means of diagnosis of deteriora- 
tion in all cases. The power factor cell is so satisfactory that it is 
used as a routine instrument, yet occasionally curves obtained 
with it are of a nondescript character. Careful sampling and 
quick careful measurement are necessary for check results. The 
hydrophil test is less satisfactory as a number of factors enter in 
which may upset the results. Some of these factors we do not 
know. In general, however, there is an unmistakable relationship 
between the radial hydrophil and power factor curves, particu- 
larly in the absence of other factors such as moisture. This re- 
lationship, and the shape of the radial curves in general, will 
prove very helpful in many eases of deterioration. Further work 
will uncover the cause of irregularities in the hydrophil curves; 
these tools will then have an even wider field of application. 


Accelerated Aging ‘Tests 


and Their Correlation 
BY D. W. 


Fellow A. 


Synopsis.—Experience in recent years with underground cable for 
the higher operating voltages has developed the fact that specifications 
for the insulation were incomplete and inadequate, because some of its 
properties which were of slight importance for the lower operating 
voltages became of vital importance in cable for the higher voltages. 
Tests on impregnated paper insulation of the ordinary type as made at 
the factory heretofore have determined the quality of the insulation at 
the time of making the tests, but gave little indication of the rate or 
extent of the deterioration that might occur in service. 

When the Commonwealth Edison Company, Chicago, Ill., adopted 
66-kv cable for tie lines between generaiing stations so that the cable 
practically formed a high voltage bus, it became very important that the 
cable should be reasonably free from failures in service. Unfortunately 
the cable included in the first installation 1n 1926 fell below this require- 
ment, and some of it had to be replaced within a few years. 


on High Voltage Cable, 
With Service Records 


ROPER* 


LE.E. 


A careful comparison of test and service records of the four makes 
of cable installed in 1926 showed that the cable had a wide range in 
quality. A marked difference was noted in the behavior of practically 
identical cable on a line heavily loaded and on a line moderately loaded. 
Accordingly, a series of tests was undertaken with the object of developing 
in a short time the deterioration which had been found in the several 
cables in service. It was found that the application of double normal 
voltage continuously with daily loading cycles that would heat the cable 
to the same copper temperature as permitted by the AJ.E.E. rules 
would develop in a few weeks all of the signs of deterioration that had 
been noted in the cable after several years of service. 

Improvements in cable manufacture in recent years have made tt possi- 
ble to obtain 66-kv cable of a quality that warrants tts use for important 
tie lines; judging by the slight deterioration that has been noted in the 
past few years, the cable will give a satisfactory service for many years. 


be obtained, the Commonwealth Edison 

Company, Chicago, Ill., in 1926 adopted a 
new system plan! which included 66-kv underground 
lines of 60,000-kva carrying capacity that practically 
constituted a bus extending across the city and 
sectionalized at the generating stations. The record 
of failures on this cable, which began shortly after it 
was placed in operation late in 1926, gave unmistak- 
able evidence (Fig. 1) that this assumption was not 
entirely warranted; and, further, that there were 
some marked differences in the quality of the insula- 
tion furnished by the different manufacturers. 
There resulted a great impetus to the investigations”® 
on cable for lower operating voltages that had been in 
progress in Chicago for several years. 

The object of the investigations forming the basis 
of this article was to insure that the 66-kv cable 
secured by the Commonwealth Edison Company for 
later installations would be of a quality befitting its 
importance on the system. This object was attained 
by (1) correlating the results of tests with service 
records, (2) devising new tests, and (3) determining 
proper criteria to be used with all tests so that 
deficient cable would be eliminated by tests at the 
factory before shipment. 


N SSUMING that satisfactory 66-kv cable could 


STATUS OF CONDITIONS 


About 1918, after the large insulation losses’ of 
power cables had been made apparent, it became 
the practice for purchasers to require a measurement 
of the dielectric loss® as a part of the factory tests. 
The manufacturers, in their endeavors to reduce the 
dielectric loss of their impregnated paper insulated, 
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lead covered cables gradually abandoned the use of 
impregnating compounds consisting principally of 
rosin dissolved in rosin oil or in transil oil, and 
generally adopted mineral compounds similar to 
vaseline. A dielectric loss measurement was first 
included in American specifications about 1919. In 
the meantime, the change in the type of impregnating 
compound had resulted in the development of another 
kind of trouble in the insulation, called ‘‘ionization,”’ 
which may become apparent only after several years 
of normal service and then is manifested by a rapid 
increase in cable failures. As a result of this situa- 
tion, the cable manufacturers in 1924 reduced their 
guarantee period from five years to two years. This 
action eliminated the principal safeguard of the pur- 
chasers against cable of inferior quality and rendered 
necessary a revision of the test requirements included 
in cable specifications. 

An ionization test was first included in American 
cable specifications in 1924. There followed shortly 
a considerable improvement in the thoroughness of 
impregnation, and about the same time the manu- 
facturers changed from grease to heavy oils for their 
impregnating compounds. These changes were ac- 
companied by a large increase in the dielectric 
strength (Fig. 2) as determined by the short-time 
high voltage test. The long-time high voltage test 
first introduced in 1925 also showed a marked im- 
provement during the next few years in the initial 
quality of the insulation. 

Farmer,® in a paper presented at an A.I.E.E. 
meeting in 1926, described the tests then being 
applied to impregnated paper insulated cables, their 
purpose, and their significance. Another paper’ 
presented at the same meeting attempted to evaluate 
the merits of the several tests, and recognized that 
the specifications were inadequate in that it was 
possible for cable to pass all the required tests and 
still prove quite unsatisfactory in service. 

Evidence of the difference in quality of the 66-kv 
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Fic. 1—RaTES oF 
FAILURE RESULTING 
FroM DEFECTIVE IN- 
SULATION IN 66-Kv 
CaBLeE Mabe In 1926 


LINE 6341 — MODERATE LOADS 


Miles of Cable Installed 
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YEAR OF MANUFACTURE 
Fic. 2—RESULTS OF SHORT-TIME HIGH VOLTAGE TESTS ON 12- AND 
66-Kyv CaBLE Mapr FOR COMMONWEALTH EDISON COMPANY AFTER 
SAMPLES HaD BEEN SUBJECTED TO THE COLD BENDING TESTS AT 
FACTORIES 


The method of equating the test results to a voltage that will produce failure 

in a given time is based on Figs. 6 and 7 of Farmer’s paper® which indicated 
3 5 ; Constant 

the following relation between voltage and time to failure: Voltage = </Time * 
ime 


Further investigations by the Electrical Testing Laboratories (New York, N. Y.), 
Commonwealth Edison Company, and others confirmed this relation and indi- 
cated that 7 should be about 6 for single-conductor cable and 7 for 3-conductor 
cable. With these values of , the equivalent periods of time at a convenient 
value of voltage were calculated for each of the various steps in the actual 
test and were added. With this résult, the equivalent voltage for the given 
period of time then was calculated in the same manner for the total test 


cable noted shortly after the cable was placed in 
service, as well as information which developed later 
(Fig. 1) may be summarized briefly as follows: 


1. Cable A had no insulation failures. 

2. Cable B on the heavily loaded line (6311) had a gradual increase 
in the number of failures for the first three years, and then the rate 
of failures suddenly increased. 

3. After several initially defective lengths of cable C on the heavily 
loaded line had failed and been replaced, this cable gave a perfect 
record for three years; then failures rapidly increased. 

4. Cables Band C, which had such an unsatisfactory record on the 
line with heavy loads, gave much better service on another line 
(6341) with loads about ?/; as large. 
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5. Cable D on the lightly loaded line had no failures. Therefore, 
it is apparent that (a) insulation may be deficient initially and 
troubles will develop very quickly after the cable is placed in service; 
(b) the deficiency may be of a class that will not develop serious 
trouble for several years; and (c) the insulation may appear very 
deficient when the cable is required to carry full load every day, but 
may be satisfactory when moderately loaded for the period covered 
by this investigation. 


CRITICAL COMPARISON OF TEST RESULTS 
AND SERVICE RECORDS 


Short-Time High Voltage Test. This test is made 
on a short sample (10 ft long under the lead) that 
has been subjected to the bending test; it consists 
of applying for 5 min an initial voltage nearly twice 
that applied to each full reel length of cable, and 
then increasing the voltage in steps until failure 
occurs. 

As shown in Fig. 3, cable A made in 1926 was 
somewhat better than the other cables, and the test 
results for all cables were above the specification 
requirements. Later data in the same figure further 
indicate that, had the specification requirement been 
raised to 400 kv, for example, then cable A, which 
holds the best service record, would have been 
eliminated in subsequent years. From this informa- 
tion, it may be concluded that: 


I. While the short-time high voltage test may be valuable in 
determining the original quality of the insulation, it is of no value 
as an indication of the stability of the insulation. 


Long-Time High Voltage Test. The long-time high 
voltage test has been termed an accelerated life test, 
as it is made by the application of a voltage several 
times normal to a long sample (75 ft) of cable over a 
period of hours until the cable fails. As shown in the 
left side of Fig. 4, this test, made on new cable, gives 
results that are but little more significant of: the 
stability of the insulation than is the short-time high 
voltage test. 

During the first year of operation of the 66-kv 
cable, it was discovered by temperature surveys that 
as a result of local conditions about two miles of the 
heavily loaded line was operating at a higher tem- 
perature than the rest of the line, causing the load 


TIMES NORMAL VOLTAGE 


EQUIVALENT VOLTAGE FOR S MINUTES 


1926 1928 


1930 
YEAR MADE 

Fic. 3—AVERAGES OF RESULTS OBTAINED ON SHORT-TiIMp HIGH 
VOLTAGE TESTS ON NEw 66-Kv CABLE TESTED AT FACTORIES 


Equivalent voltages calculated as stated in subcaption for Fig. 2 
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on the entire line to be limited by the temperature 
of this portion. During the summer of 1928, all 
of the 750,000-cir mil cable in that portion of the 
line was replaced by 1,000,000-cir mil cable; this 
afforded an opportunity to make tests for determin- 
ing the relative deterioration of the four original 
cables during their first twenty months of service. 
The results of the accelerated life tests on these 
cables shown on the right side of Fig. 4 indicate that, 
while cable A had undergone no deterioration, 
cables B and D had deteriorated considerably and 
cable C somewhat less. 

Results of these tests were so interesting that a few 
lengths of cable from the lighter loaded line were 
removed solely for the purpose of making similar 
tests, with results as shown in the middle of Fig. 4. 
While these data indicate that cable B had undergone 
some deterioration on the two lines, the difference in 
the deterioration as determined by this test was in- 
sufficient to account for the difference in its service 
record (Fig. 1) on the two lines. Cable B removed 
from line 6341 shows more deterioration than does 
cable C removed from line 6311; consequently if 
this test were of value as a measure of insulation 
deterioration, cable B on line 6341 would have a 
poorer service record than cable C on line 6311. 
This, however, is not true, for there have been no 
insulation failures of cable B on line 6341 (Fig. 1). 


From these results it appears that: 
II. The long-time high voltage test applied to cables that have 
been in service is interesting because it gives very different results 


when applied to cables that when new, were of about the same 
quality. 


III. The test is of considerable value as an indication of the quality 
of insulation at the beginning of the test, but is of slight value in 
determining the rate or extent of future deterioration. 


IV. Loads to be carried are an important factor in determining the 
requirements for the cable. 


The relative amount of visible evidence of de- 
terioration of cables A, C, and D found on dissection 
of the samples after test was roughly proportional to 
the reduction in the time that they withstood the 
accelerated life test. Cable B showed proportion- 
ately much less evidence of deterioration than C and 
D, but it was the only one that contained rosin; 
hence: 


V. The presence of rosin in the impregnating compound will not 
prevent deterioration of the insulation, but it may restrain or retard 
the development of visible signs of deterioration. 
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Dielectric Power Loss. Examination of the records 

of initial power factor tests on insulation made at the 
factory on the several 66-kv cables purchased in 1926 
and in subsequent years (Fig. 5) indicates no sig- 
nificant differences that can be correlated with the 
rate of deterioration of the several cables. The 
records in recent years show less variation in dielectric 
loss at the maximum operating temperature. This 
loss is now so low that all chance of dielectric loss 
failures? is eliminated, unless the loss materially in- 
creases in service. 
' By examining the records of sections of cable re- 
moved from time to time from the two lines under 
discussion (Fig. 6) interesting information is obtained 
on increase of power factor of cables in service. 
Cable A shows a slight increase, but even the in- 
creased loss (about 0.3 watt per foot) is very low; 
cables B and D show the highest increase; cable C 
shows a smaller increase and only a slight difference 
in deterioration on the two lines. However, cable C 
had widely differing service records on the two lines 
(Fig. 1). Cable D shows an increase in power factor 
as great as B, and neither has had any service failures 
on the moderately loaded line. 
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These results appear to warrant further conclu- 
sions: 


VI. Two distinct forms of deterioration with service ma 

( S form 1 y occur: 
(1) deterioration which is manifested only by an increase in dielectric 
loss; and (2) deterioration which results not only in an increase in 
oe loss, but also is accompanied by an increase in service 
ailures. 


VII. Initial power factor measurements give no significant pre- 
diction of the rate of deterioration in service. i - 


Since the increase in dielectric loss of cable D, as 
shown in Fig. 6, means that the dielectric. loss 
increased from 2 per cent to 7 per cent of the total 
annual charges, it would be economical to pay 15 
per cent more for this cable if the dielectric loss 
remained constant at the initial value throughout 
the life of the cable. 

Ionization Tests. Tests are made at the factory on 
each length of cable to determine the ionization 
factor, i. e., the increase in power factor between 20 
and 100 volts per mil of insulation. Test results 
(Fig. 7) show that cable A of 1926, which has had 
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Fic. 7—IoNIzATION Factors oF New 66-Kv CABLE 


Measurements made at factories at 40 and 200 per cent normal voltage at 
room temperature. Some of the negative values are probably erroneous. 
Only two lengths of cable D were on line 6311 


no insulation failure to date, had a much lower 
ionization factor than the other cables, and that 
cable B had a higher ionization factor than cable C. 
If the failures of cable C, due to initially defective 
insulation (Fig. 1) are eliminated from consideration, 
it is found that the relative magnitudes of the ioniza- 
tion factors of the 1926 cable on line 6311 give a 
significant indication of the relative rates of de- 
terioration leading to failures in service. 

This statement is confirmed by the record of 
66-kv cable installed subsequent to 1926, since, if five 
failures in 1930 which occurred a few weeks after 
the cable was installed (thus indicating initially 
defective insulation) are eliminated from considera- 
tion, the three remaining insulation failures are equal 
to about one failure per 300 miles of cable per year of 
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service—a highly satisfactory record. All of this 
cable had ionization factors of less than 0.2 of one 
per cent. 

These data show that: 
VII. The ionization factor for cable which is to carry full load 


daily should be less than 0.2 of one per cent in order to insure a 
satisfactory service record. 


. 8—HIGH VOLTAGE LABORATORY W1TH CABLE READY FOR TEST 


A. Joint between cable samples 

BB. Insulating sleeve 
C. Terminal of circulating current transformer behind one of the high volt- 
age transformers 


If, now, the ionization factors of the cables on the 
two lines installed in 1926 are compared, it will be 
noted that: 

IX. While an ionization factor less than 0.2 of one per cent appears 
necessary to insure satisfactory cable on a heavily loaded line, a 


higher ionization factor may be satisfactory if the cable regularly 
carries only moderate loads. P 


ACCELERATED AGING TESTS 


Since all of the tests had failed to give any signifi- 
cant indication of insulation stability, investigations 
were started for the purpose of devising a test which 
when applied to new cable would duplicate within a 
limited time the deterioration in all-grades of insula- 
tion that had been noted on cables in service. Sev- 
eral cable manufacturers in private conference some 
years earlier had suggested that the suitability of 
impregnated paper insulation for the higher voltages 
be determined by subjecting the cable to excess 
voltage with superimposed loading cycles, and taking 
measurements of the power factor at intervals. 
Accordingly, circulating current transformers were 
included in the plans for the 108th Street field 
laboratory. After it had been determined that the 
loading of the 66-kv cable was an important factor 
in its deterioration, a series of high voltage tests 


with superimposed loading cycles was made on short 


lengths of cable. All of these tests were made on 
750,000-cir mil single-conductor lead-covered cable 
with 750 mils of impregnated paper insulation. 

Test Conditions. Twenty-one samples, from 25 to 
50 ft long, were tested in the High Voltage Labora- 
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CIRCULATING 
CURRENT 
TRANSFORMER, 


Fic. 9—Circuit Dia- 
GRAM FOR ACCELER- 
ATED AGING TESTS 


HIGH VOLTAGE 
TRANSFORMER, 


Two to ten cable samples 
were connected in series. 
Pothead leads were not 
considered samples under 
test 


ON WOODEN BLOCK 


PORCELAIN peaaee) CONNECTION TO 
SCHERING BRIDGE. 
OR TRESTLE. 


tory by connecting several samples in series (Fig. 9) 
with insulating joints in their lead sheaths to exclude 
the joints and potheads from the measurements on 
the cable. The joints were made especially to pre- 
vent the movement of gas or compound into or out 
of the cable samples. Tests were made at various 
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voltages from 1.5 to 3 times normal and lasted from 
2 to 84 days. Heating cycles were obtained by 
(1) circulating current through the conductor and 
cooling with water through a jacket around the 
cable, (2) submerging the cable in oil and heating 
and cooling the oil, and (3) circulating current 
through the conductor with the cable in air, with 
and without current in the lead sheaths. Minimum 
cable temperature was room temperature while the 
maximum ranged from 50 to 85 deg C, i. e., from 
10 deg below to 25 deg above the maximum per- 
missible operating temperature of 60 deg C. Testing 
facilities were provided for measuring the power 
factor of any sample at any portion of the heating 
cycle without interrupting the current in the con- 
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ductor. The longest continuous application of the 
voltage was 18 days. 

Two samples, each 1,000 ft long, were tested also 
in the field laboratory (see Figs. 28 and 29 of refer- 
ence 7) where they were installed in a standard con- 
duit. These cables were connected to a bus which 
in turn was connected to one conductor of a 132-kv 
overhead transmission line, so that the cables were 
subjected to all the transient voltages caused by 
lightning and switching. The load on these cables 
was carried through successive cycles by using cir- 
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culating current transformers as in the tests on short 
cable samples, independent of the load on the trans- 
mission line. Copper temperatures of these samples 
were varied up to a maximum of 60 deg C. Facilities 
were available for measuring power factor and 
ionization factor. 

Observations. Failures in cable of the lower grade 
usually were preceded by local heating; since the 
development of local heating is restrained or retarded 
when the cable is immersed in oil or water, cables 
tested in air gave results which best correlated with 
service records. With the cable in air and with 
double normal voltage continuously applied, about 
125 per cent of maximum rated line current was 
required to heat the conductor to 60 deg C in 5 hr. 

Tests at 1.5 times normal voltage required too long 
to develop definite results, and failed to exclude 
cables 4 and 5 (Figs. 10 and 11) which from operating 
records were known to be unsatisfactory.. However, 
tests at twice normal voltage developed within a few 
days a marked difference in the results on two cables 
(Fig. 12) which had but a moderate difference in 
ionization factor and which had shown practically 
the same results in the long-time high voltage test 
(note IX ante). Tests at three times normal voltage 
failed to correlate with service records. 

Significant results were obtained in the tests on 
short samples, from measurements of power factor at 
minimum and maximum temperature of each loading 
cycle and from measurements of ionization factor at 
less frequent intervals. It was noted that in the 
lower-grade cable large increases in dielectric loss 
sometimes varying over a wide range may develop 
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during the tests, but failure may not ensue for a long 
period. Failures of high-grade cable with low di- 
electric loss may develop so rapidly that no marked 
increase in power factor will be noted unless the 
measurements are practically continuous. All fail- 
ures except one occurred during the cooling por- 
tion of the loading cycle (Fig. 13). The one excep- 
tion noted was the failure of one of the 1,000-ft 
lengths which occurred after the cable had reached 
minimum temperature. 

Some interesting observations were made on the 
two 1,000-ft lengths, these cables being practically 
identical as determined by all other tests. Cable A 
failed after operating one month at double voltage 
and without load, two months with loading cycles 
resulting in a maximum temperature 46 deg C or less, 
and six additional months with loading cycles up to 
60 deg C. Cable F failed after operating one month 
without load, and two months with loading cycles up 
to a maximum temperature of 37 degC. Both cables 
showed about the same moderate amount of visible 
evidence of deterioration in the insulation. Cable A 
showed an increase in power factor at 20 deg C and 
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Fic. 138—PoweErR FActToR OF INSULATION APPROACHING FAILURE 
IN LABORATORY TESTS; NoTE DrRoP IN PoOwER FACTOR FOR 
CaBLE D WHEN VOLTAGE WaAS REMOVED FOR 30 MIN 


CONCLUSIONS 


During the years since the 66-kv cable was first 
installed, several sections of cable were removed from 


0.3 per cent to 0.39 per cent in power factor, and in 
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ionization factor at 20 deg C from 0.005 to 0.06 per 
Cent. 

Satisfactory cable upon examination showed no 
visible signs of deterioration at double normal voltage 
after tests ranging from two to nine months (Fig. 14); 
unsatisfactory cable F (Fig. 12) showed considerable 
evidence of deterioration after ten days. Recupera- 
tion of the insulation usually was noted with long 
interruptions of the voltage, and was greater for the 
lower-grade cable. 
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Fic. 14—DETBRIORATION FouND UPpoN EXAMINATION OF CABLE 

AFTER ACCELERATED AGING TESTS; RESULTS ARRANGED IN ORDER 

OF QUALITY AS DETERMINED FROM ALL INFORMATION, BEST SAMPLE 
ON LEFT 


H, hottest portion N, normal portion 


F, at failure 
No dendritic designs were found except at failures 
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time to time, as a result of changes on the system, 
failures of insulation, external damage, and defective 
lead sheaths. Examinations of insulation in such 
cases always were made and electrical tests were 
applied in those cases where additional information 
could be secured. The results of these examinations 
and tests were utilized in addition to the results of the 
laboratory tests in drawing the following conclusions: 
X. Accelerated aging tests on 50-ft samples of 66-kv cable at 
double normal voltage and with superimposed daily loading cycles 
resulting in a maximum copper temperature of 60 deg C will develop 
in a few weeks, in cables of all grades tested, about the same indica- 


tions of deterioration as are found in the same cables after years of 
service. 


XI. The criterion of quality is the stability of the insulation during 
the accelerated aging test; there must be practically no deterioration 
of the insulation, that is, (1) no significant increase of power factor 
at maximum and minimum temperatures; (2) no significant increase 
in ionization factor at room temperature; and (8) no visible signs 
of deterioration of insulation upon dissection after completion of 
the test. Tests to failure are unnecessary. 


XII. Better information regarding the quality of cable is obtained 
by testing several sections, each 50 ft long, than would be obtained 
by testing several times as much cable in one length. 


XIII. Improvements in the manufacture of impregnated paper 
insulation of the ordinary type in recent years has made it possible 
to secure insulation for operation at 66-kv that gives very satisfactory 
service. 


SUGGESTIONS FOR FURTHER INVESTIGATION 


Further investigations may indicate the possibility 
of using somewhat higher voltage than double normal 
in the accelerated aging test, in order to shorten the 
time of the test and make it less expensive. With the 
inclusion of the accelerated aging test in the specifica- 
tions, it may be possible to eliminate several tests, 
now included therein, without materially increasing 
the total cost of testing. 

During the past few years, in which the accelerated 
aging test has been practically in effect in Chicago, 
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the only cable failures that have occurred apparently 
have resulted from local deficiencies in the insulation 
which cannot be detected by any known test. These 
defective lengths have amounted to about 0.3 of one 
per cent of the number of lengths installed; but, 
when it comes to lead sheath troubles, as Kipling 
would say, that is another story. 
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A New Method of Investigating Cable Deteriora- 
tion and Its Application to Service Aged Cable 


BY K.S. WYATT* 


Associate, A.I.E.E. 


Synopsis.—Investigation of the radial variation in electrical and 
chemical characteristics of cable insulation between conductor and 
Sheath is suggested as a valuable means for throwing new light on 
cable deterioration in service. An apparatus is described for the rapid 
accurate measurement of power factor of individual paper tapes taken 
from cable. A method is given for determining the total oxidation 


T HAS long been known that paper insulated high 
voltage cable, when placed in service under- 
ground, suffers a gradual deterioration as evi- 

denced by increasing dielectric loss.! This loss is 
highly undesirable because of the threat to the fur- 
ther life of the cable and because of the economic 
loss which it represents. Unfortunately the causes 
of such deterioration, and the manner in which it 
progresses, have not been quantitatively evaluated. 
When a faulty line has been removed from service 
due to inherently defective insulation, the cable 
engineer has lacked adequate tools with which to 
diagnose the basic cause of the trouble; the custom- 
ary visual examination of the insulation, layer by 
layer, and the measurement of overall dielectric 
loss have been useful in a rough qualitative way only. 
The questions, “‘Does ionization as met with in 
service significantly increase the dielectric loss of oil 
impregnated paper?” and, “If oxidation is a major 
cause of insulation deterioration, does the oxygen 
come from inbreathed air, or is it released by chemi- 
cal agencies from the paper?’ have remained un- 
answered and have had to wait upon new and more 
delicate methods of measurement. 

The conception that the origin and nature of 
deterioration of cable insulation might be traced by 
investigating the variation of the deterioration in a 
radial direction from sheath to conductor led to the 
development of 2 new procedures which should 
prove of great value in practical work. If, for 
example, the radial deterioration reached a maxi- 
mum at the conductor, the inference might be drawn 
that it was at that point that deterioration com- 
menced. The cause of the deterioration in such a 
case, it was felt, might be learned by plotting in a 
radial direction the pertinent physical, chemical, 
and electrical characteristics. In attempting to 
measure deterioration in this way, it was found, 
however, that either no methods of measuring 
changes in these characteristics with service aging 
of oil impregnated paper insulation were available, 
or that those in use were not sufficiently sensitive. 
It was only after several years’ work on the measure- 
ment of the various characteristics that two methods 
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products in the oil from the paper tapes, layer by layer, from sheath 
to conductor. The results obtained by applying these methods to 
several types of service aged cable are reported, together with the indica- 
itons which they give of the relative importance of ionization and 


oxidation as aging factors. 
* * * * 


which are sufficiently accurate to yield significant 
results were developed. The first of these was the 
determination of power factor at elevated tempera- 
ture of individual paper tapes taken from cable; 
for this purpose a new cell was designed and con- 
structed. The second consisted of the application 
of the phenomenon of spreading of oils on a water 
surface to determine the oxidation products in the 
oil from individual tapes of aged cable; this method 
is valuable in interpreting the radial power factor 
curves obtained by the first method. Both methods 
promise to be of great help in the solution of a 
number of practical problems. For this reason they 
will be described in detail, together with the results 
obtained with them in the examination of several 
types of cable. 


POWER FAcToR CELL FOR PAPER TAPES 


In designing a practical cell for the measurement 
of power factor of individual paper tapes, it was 
necessary to meet four requirements: sensitivity, 
ability to maintain a constant elevated temperature 
during operation, accuracy, and rapidity of opera- 
tion. 

The completed instrument is shown in Figs. 1, 2, 
and 3. Itisextremely simple indesign. Essentially 
it consists of a long rectangular metal box, in the 
bottom of which is mounted the high voltage elec- 
trode. A long metal bar or block fitting snugly into 
the top opening of the box and capable of being raised 
and lowered, constitutes the active electrode as- 
sembly. Small openings at each end of the box per- 
mit paper tapes to be inserted between the two 
electrodes for measurement. Resistance heaters 
installed in the two slotted sidewalls provide for 
elevation of the temperature. All metal parts are 
of brass. 

Sensitivity is increased by the use of extra-long 
electrodes (18 in.). The large amount of metal used 
provides a heat reserve which insures against varia- 
tions in temperature due to the introduction of each 
new sample. Accuracy has been obtained by care- 
ful guarding of the active electrode; since the latter 
is only 1/, in. in width, the usual ’/s-in. tape over- 
laps the electrode by °/i5 in. on each side. The ease 
with which the sample may be introduced into the 
cell, properly aligned and the electrodes adjusted, 
and the short time required for the tape to come to 
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temperature equilibrium, make for rapidity of 
measurement. 

The temperature of the cell as measured by a ther- 
mocouple placed in the active plate assembly is 


Fic. 1—CErLL FOR MEASUREMENT OF POWER FACTOR OF PAPER 
TAPES 


recorded automatically. It is adjustable within a 
reasonable range. 

Good contact between the electrodes and the 
sample is essential for reliable measurements. In 
order to eliminate the effects of wrinkles in the tapes 
or of excess compound, pressure is applied to the 
movable electrode. After determining the change 
of power factor over a range of pressures, a value 
of 6.4 lb per sq in., above which no appreciable 
change of power factor was noted, was selected as 
standard for all measurements. 

The thickness of the paper tapes in the cell is 
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indicated by a dial gage. The latter provides a 
useful means for determining the voltage to be 
applied to the electrodes when a constant stress per 
mil is being used for measurement. 
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Measuring Equipment. The equipment used to 
determine the power factor was a modified Schering 
bridge. The modification consisted of an auxiliary 
arm which makes possible the maintenance of zero 
potential between all active electrodes and leads, 
and their respective guards, thus preventing any 
error due to capacity current between active parts 
and ground. For the detector a phase shifter and an 
a-c galvanometer now are being used, although the 
early work was carried out with a less sensitive 
combination of synchronous commutator and d-c 
galvanometer. 

Procedure. The procedure in using the cell for 
the measurement of power factor of cable insulation 
layer by layer is as follows: 

A 2-ft sample is cut from the cable to be examined. 
The lead sheath is then removed. If the cable is of 


MEANS FOR RAISING ACTIVE 
ELECTRODE ASSEMBLY 
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the three-conductor type, two of the conductors are 
stored in a glass tube filled with dry nitrogen. The 
shielding is removed from the remaining conductor, 
and the first layer of paper tape carefully unwrapped. 
Six inches are clipped from each end, and discarded. 
A short length is next cut off for the hydrophil deter- 
mination to be described later. The tape is then 
folded in two, and inserted by means of a long thin 
metal guide strip into the test cell, the latter having 
been brought to 60 deg C, the temperature decided 
upon as standard for this work. 

A similar procedure is followed with each selected 
tape down to the conductor. Usually each fifth 
layer only is tested, except in the vicinity of the 
shielding and of the conductor, where sometimes 
it is desirable to test every layer. The practice is 
to delay the unwrapping of the tapes until the cell 
is ready for the next tape, so that exposure of the 
tapes to the air will be reduced to a minimum. 

In operation the time required from the un- 
wrapping of a paper tape to the completion of the 
power factor measurement is only 3 min. or less, 
an interval which has been shown to be sufficiently 
short to make the effects of moisture adsorption or - 
oxidation negligible. é 

In early work a constant voltage of 1,000 volts 
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was applied to the electrodes without making allow- 
ance for differences in thickness of the tapes. A 
constant stress of 50 volts per mil is now used rather 
than a constant voltage across the electrodes. It 
has been found that the power factor of oil impreg- 
nated paper tapes is somewhat dependent upon 
voltage, this characteristic varying with the degree 
of deterioration. These effects, however, are not of 
sufficient magnitude to sensibly alter the findings 
reported herein. 


THE HyYDROPHIL DETERMINATION 


The hydrophil test is an extremely useful method 
of determining the total oxidation products in an 
insulating oil. It was first used for this purpose by 
Shanklin and McKaye? who applied the pioneer 
work of Langmuir* on pure substances. The method 
has been applied successfully to the determination of 
the oxidation products in the oil taken from each 
layer from sheath to conductor of service cables. 
The test is invaluable in this work because of the 
exceedingly small sample of oil required—as little as 
1/199 gram may be taken as compared with 20 grams 
for the standard acid number test. Furthermore, 
the method indicates the total content of oxida- 
tion products in the oil including acids, alcohols, 
esters, ethers, and all other oxidation products, 
whereas, the acid number is an indication of the 
amount of one type of oxidation product only. 
The number of oxidized molecules determined by 
the hydrophil method may be over 20 times as 
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great as that calculated from the acid number, 
according to Race.* The electrical characteristics 
of oil oxidized by contact with air are in general 
influenced more by the total number of oxidized 
molecules than by the number of any one type of 
oxidation product that may be present. For such 
reasons the hydrophil test should prove more valu- 
able in determining the relation between the dielectric 
loss of an oil and its content of oxidized material. 

The hydrophil content of an oil is determined by 
dropping on a water surface a known number of oil 
molecules, the number being calculated from the 
weight or volume of oil used. Those molecules 
which contain only hydrogen and carbon atoms are 
inert and will remain grouped as a lens without 
spreading. Those molecules which contain oxygen 
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atoms are attracted by the water and spread out in 
a layer one molecule deep. The number of oxidized 
molecules is obtained by measuring the area of the 
spread, and dividing this value by the area occupied 
by each such molecule on the water surface, which is 
known within narrow limits. 

Apparatus. The apparatus used for the work to 
be described is of the torsion type devised by N. K. 
Adam.’ It consists of a long shallow paraffined 
brass tray on which is mounted a torsion head (Fig. 
4). On the water with which the tray is filled rests 
a paraffined metal float which is connected to a mirror 
and to the torsion device. Pressure against the float 
is measured by reading the angle of torsion required 
to return a beam of light reflected by the mirror to 
the zero point on a vertical scale. 

Operation and Calculation. In operation a given 
amount of oil, usually in benzol solution, is dropped 
on the water surface. The resulting film is com- 
pressed by moving a paraffined glass barrier toward 
the metal float, and the pressure against the float 
determined by the torsion device. The area of the 
film at this pressure is then measured. Other force- 
area readings are obtained by moving the glass 
barrier to several positions and reading the cor- 
responding pressures. By plotting the force-area 
curve and extending it to cut the area axis, the area 
of the film at zero compression may be determined 
more accurately than by other methods such as 
those involving the use of a tale barrier. Knowing 


this area and the weight of oil placed on the water, 


the percentage of oxidation products may be calcu- 
lated from the formula: 


: A X M X 100 

Per cent hydrophils = ——————_— 
axwxwN 
where 
A = area of film at zero compression, sq cm 
a@ = area occupied by one molecule on water surface, sq cm 
M = average molecular weight of the oil 
w = -weight of oil placed on water, grams 
N = 6.06 X 10? = number of molecules in a molecular weight of 
Oi 


In applying this formula, the area occupied by 
each oxidized molecule is assumed to be constant, 
although it actually varies between 20 and 25 square 
Angstrém units (20 X 107! to 25 X 107 sq mm) 
for most oxidized oils, and in some cases the values 
may be considerably greater than 25 square Ang- 
strém units. The molecular weight of cable oils, 
which usually varies from 300 to 600, need not be 
known for comparative work, as an average value 
may be assumed; however, if results closer to the 
absolute are desired, the molecular weight of the oil 
should be determined. 

The area of spread per gram of oil for the different 
layers between sheath and conductor is reported as 
percentage of oxidation products on the assumption 
that the molecular weight of the oil in each case 
is the same. Experimentally it has been found 
that the molecular weight and the viscosity of the 
oil do vary across the radius of a used cable. The 
shape of the radial hydrophil curves would not be 
changed, however, if it were recognized that a radial 
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variation in molecular weight existed and the ordi- 
nates as plotted were labeled, ‘‘area of spread per 
gram of oil,” instead of ‘‘per cent hydrophils.”’ 

Procedure. As the paper tapes are removed one 
by one for measurement in the power factor cell, 
a 3 in. to 2 ft length is clipped from each, cut into 
1/, in. pieces, and dropped into a glass bottle con- 
taining 5 to 10 cu cm of benzol. After standing 
for about 3 hours in contact with the paper, the 
benzol solution is shaken up. Exactly 5 cu cm of 
solution are pipetted off, the benzol evaporated, and 
the residue weighed; in this manner the concentra- 
tion of the oil in the solution is determined. At 
the same time a 0.1 to 1 cu cm of solution is drawn 
off in a standardized 1-cu cm pipette, and placed on 
the water surface of the film pressure balance. The 
area of spread, and from it the percentage of hydro- 
phils, is then determined in the manner already 
described. 

Certain precautions must be observed to obtain 
reliable results. For example, oxidation of the oil- 
benzol solution in contact with the paper samples 
takes place due to dissolved air; this can be readily 
detected by the sensitive hydrophil test. There is 
reason to believe that such oxidation is much more 
rapid when oils are used which have been subjected 
to ionization. Hence, the solutions should not be 
permitted to stand longer than 3 hours before 
measurement if accurate results are desired. 

A source of error is the impurities in the chemically 
pure benzol-as ordinarily obtained. All benzol 
should be redistilled, and only that fraction which 
boils at 79.0 to 79.1 deg C used. 

It is hardly necessary to point out that care should 
be taken during sampling to avoid contamination 
by the fingers, to see that freshly distilled water is 
used after each run, and to recheck the calibration of 
the torsion device every few days. 


APPLICATION OF THE RADIAL METHOD TO AGED 
CABLE 


_ With the aid of the methods described above, some 
30 samples, selected from three-conductor 24-kv 
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Fics. 5, 6, AND 7—POWER 
FAcTOR AND OXIDATION 
Propucts FOR INDIVID- 
UAL LAYERS FROM COon- | 
DUCTOR TO SHEATH OF 
CABLE 
Fig. 5 (Left)—A cable after 
one year in service 
Fig. 6 (Middle)—One core of 
cable, laboratory-aged by 
load-cycle methods 
Fig. 7 (Right)—One core of 
new cable direct from the lead 
press 
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H-type cable, new and aged, have been investigated 
in a radial direction. All were impregnated with 
straight mineral oil unless otherwise stated. Typical 
results on service aged, acceleratedly aged, and new 
cables are given in Figs. 5, 6, and 7, respectively. 
No wax was found in any of the latter cables when 
they were dissected. The service aged cable was 
manufactured in 1927, and had been in service one 
year. A general similarity between the power fac- 
tor and oxidation curves may be observed. 

The curves of Fig. 6 were obtained from cable of 
1930 manufacture. The sample tested was cut from 
the center section of a 45-ft length which had been 
on accelerated aging under continuous double operat- 
ing voltage for about 2,700 hours. During the 
initial heating and cooling cycles a small amount of 
compound leaked from one pothead. The high 
values for oxidation products and power factor at 
conductor and sheath therefore might be explained 
on the basis of air leakage at the pothead, along the 
copper conductor and along the filler spaces, followed 
by radial penetration of the insulation. 

In contrast to the results obtained with service 
aged cables, the radial power factor and hydrophil 
curves for new cable of 1931 manufacture (Fig. 7) 
are flat. From all these curves it is clear that de- 
terioration of cable insulation in a radial direction is 
non-uniform, and that the form of the radial curves 
may give some clue as to the nature and cause of such 
deterioration. 

In most cable samples all 3 conductors were 
examined for uniformity as to radial characteristics. 
The results for the 3 conductors of a 1928 mineral 
oil cable aged one year in service are shown in Fig. 8. 
In addition to radial power factor and oxidation 
curves, the amount of wax present in the insulation 
is indicated as estimated by visual examination. In 
this case the hydrophil curves do not explain the 
power factor curves as well as in the previous ex- 
amples given. The explanation appears to be that 
in addition to oxidation another aging factor is pres- 
ent, namely, ionization. This is borne out to some 
extent by the curves for conductor 1, where the least 
correspondence is apparent between hydrophil value 
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and power factor, but where ionization as indicated 
by the wax deposits has occurred with considerable 
intensity uniformly from conductor to sheath. The 
effect of ionization appears to have been to raise 
the middle portions of the power factor curves for 
conductors 2 and 3 from about 1.2 per cent to about 
2.2 per cent. In any case the general level of power 
factor of conductor 1, where wax is in abundance 
throughout the insulation, is higher than in the 
other conductors where no wax is present in the 
middle portion of the insulation. 

It should be noted in Fig. 8 that the character of 
the deterioration is different in the 3 conductors. 
This observation is true for a number of other 
cables which have been examined. 

An interesting example of differences in degree of 
deterioration of three adjacent conductors is that of 
a cable which had been subjected to accelerated 
aging for 4,000 hours (Fig. 9). A general agree- 
ment can be observed between the character of the 
power factor and hydrophil curves of conductor 2 
in which no wax was present; hence in this case the 
deviation of the radial power factor from a straight 
line may be satisfactorily explained as due to oxida- 
tion. In the case of conductors 1 and 3, there 
does not appear to be any marked similarity between 
the hydrophil curves and the power factor curves. 
Upon entering the inner 30 layers of tape which 
contain heavy deposits of wax the power factor curves 
turn downward. The wax was present in an unusual 
form; instead of the usual flaky appearance, it 
looked more like a highly viscous gum which pene- 
trated the paper, cementing adjacent tapes together 
so tenaciously that they could not be separated 
without tearing. Moreover, whereas wax flakes 
as usually found are surrounded by oil, in this case 
the original compound appeared completely changed 
to the gum-like wax, so that no liquid paths for 
conduction were present. A plausible explanation 
of the lack of correspondence between the power 
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factor and hydrophil curves where the wax is present 
is that the ions which are normally responsible for 
at.least the major part of the dielectric loss are ren- 
dered almost immobile by the viscous gum and hence 
cannot contribute to the loss. When, however, the 
paper tapes are placed in benzol, solution of the gum 
takes place, the oxidation products are freed and may 
be measured as hydrophils in the usual way. 

The radial method has also been applied to cables 
of the belted type. Instead of the single U-shaped 
curve between conductor and sheath often found on 
H-type cable, a double U-shaped curve (one U- 
shaped curve for the core and another for the belt) 
has been obtained on the several samples so far ex- 
amined as both power factor and hydrophil curves 
are plotted from conductor to sheath across the 
core and belt insulation. Both power factor and 
hydrophil values for the belt are lower than for the 
conductor insulation. This difference may be due 
either to the lower temperature which is experienced 
by the belt tapes, since the conductor tapes pass near 
to the center of the cable where the temperature is 
highest, or to the different grade of paper which is 
usually used for the belt insulation. 

The results on one conductor and the belt of a 
petrolatum cable after 8 years in service are shown 
in Fig. 10. In obtaining the hydrophil curves, some 
difficulty was experienced due to the rigidity of the 
oil film on the water. It was found necessary to 
measure the total area of spread in place of obtaining 
the customary force-area readings, with consequent 
sacrifice of accuracy. However, previous work on 
belted cable leaves no doubt that the radial hydro- 
phil curves are roughly double U-shaped. 

Radial measurements of hydrophils on cables con- 
taining rosin or rosin oil were at first avoided be- 
cause the hydrophil determination in such cases is 
subject to a number of difficulties not found with 
straight mineral oil cables. Since rosin itself is a 
hydrophil, the high percentage of rosin masks the 
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small quantities of hydrophils developed by de- 
teriorating agencies. In spite of this and other 
difficulties some success has attended the several 
attempts that have been made. Radial power 
factor curves on a belted-type cable containing about 
6 per cent rosin are shown in Fig. 11. Here a de- 
terioration maximum is indicated at a point inter- 
mediate between conductor and sheath. These 
curves are regarded as unusual, and are not typical. 
So far no comparison can be made between radial 
deterioration of cable impregnated with straight 
mineral oil and of that of cable impregnated with 
compounds containing rosin. 
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On older type cables, manufactured previous to 
1920 and-in service over 10 years, the power factor 
curves which have been obtained are roughly U- 
shaped, and of very high value. It is not unusual 
to find the 60 deg C power factor as high as 10 per 
cent at the lowest point and rising to over 15 per 
cent at conductor and sheath. 

Other typés of cable in addition to the three- 
conductor 24-kv type have been examined radially. 
One abnormal type of deterioration was encountered 
in several samples of single conductor cable in which 
the 40 deg C power factor curve rose to a maximum 
of over 15 per cent at points intermediate between 


sheath and conductor, although for corresponding ° 


new cable the 60 deg C power factor curve was of 
low value and essentially flat, illustrated in Fig. 12. 
In this abnormal case of deterioration the radial 
hydrophil curve did not completely explain the radial 
power factor curve. This case is cited to show the 
unusual types of deterioration which may take place 
in service, and the value of the radial method in 
charting them. 


DISCUSSION 


‘There is little doubt that the hydrophil curves in 
Figs. 5 to 9 represent oxidation of the insulation. 
The question now arises as to the source of the 
oxygen. There are 5 possible sources: air left 
in the oil or insulation at time of manufacture, air 
drawn in at time of installation, air breathed in at 
porous joint wipes or at imperfections in the lead 
sheath during load-cycles, moisture due to imperfect 
drying which might be resolved by electrolysis, or 
the cable paper itself. Considering the paper first 
it might furnish oxygen to the oil in: 2 ways, 
either by splitting off oxygen from the cellulose 
molecule through the agency of ionization, or by solu- 
tion in the oil of lignins, resins, and associated ma- 
terials which are present in small amounts in most 
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cable papers. Experiments appear to show that 
cathode ray bombardment of oil impregnated paper 
in vacuum does not produce oxidation of the oil as 
a result of disruption of the cellulose molecule, but 
that the oxygen-containing materials such as lig- 
nins, which are present in the cable papers, may be 
attacked and go into solution in the oil under bom- 
bardment. It is possible that under severe ioniza- 
tion they may increase the hydrophil content as 
much as one per cent. The effect of these materials 
is to promote oxidation of the oil when air is present, 
and probably to lower the resistivity. 

Air occluded in the cable during manufacture or 
installation, or breathed in at porous joints or leaky 
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Fic. 11—Power Factor AND OXIDATION PRODUCTS FOR INDIVIDUAL 
LAvEeRS From ConDUCTOR TO SHEATH OF ONE CORE AND THE BELT 
oF A BELTED-TYPE CABLE AFTER FouR YEARS IN SERVICE 


An abnormal curve obtained on a cable containing 6 per cent rosin 


potheads during operation, is believed to be the 
principal cause of the oxidation exhibited by the 
radial hydrophil curves. There is some supporting 
evidence for this point of view. First, it is common 
experience that water can penetrate 50 or 100 ft 
along the filler spaces and between the conductor 
strands of H-type cable. Air should penetrate even 
farther than water; the layers of insulation near the 
sheath and near the conductor therefore could be- 
come oxidized, resulting in roughly U-shaped curves. 
It does not appear that these curves can be due to a 
slight a-c electrolysis of moisture in the insulation, 
because the shapes of the curves obtained on both 
H-type and belted cable are not consistent with such 
an explanation. Occasionally radial hydrophil 
curves were obtained in which oxidation had oc- 


curred at either the conductor or the sheath only,. 


apparently showing that air which had penetrated 
along a single channel furnished the necessary oxy- 
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gen. Again, it has been found that a new cable 
which yielded a flat radial hydrophil curve when 
delivered, yielded a roughly U-shaped hydrophil 
curve after one year’s storage in spite of the fact 
that immediately after cutting of the original sample 
the cable end had been meticulously sealed; see 
Fig. 13. A similar finding was made on another 
sample which had been similarly sealed and stored 
for one year, Fig. 14. In this case no measurements 
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of the types here under consideration were made 
upon the cable as received but there is reason to 
believe that the hydrophil curves were flat. The 
radial power factor curve of Fig. 14 tends to confirm 
the radial hydrophil curve and to indicate that some 
change has occurred in the cable. The most prob- 
able source of the deterioration appears to be oxi- 
dation due to inbreathed air. 
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A more exact correspondence between radial power 
factor and hydrophil is not always obtained because 
the power factor is measured on a long piece of tape 
whereas the hydrophils are often measured on a 
shorter piece. Since deterioration is not always 
uniform along the length of the tape, it is obvious 
that the power factor values may be more representa- 
tive of the general deterioration than hydrophil 
values. 

In interpreting the curves which have been pre- 
sented, stress must not be placed upon the differ- 
ences in the absolute value of hydrophil content 
which will be seen from the figures to vary from 
cable to cable within rather wide limits without a 
corresponding change in the power factor values. 
It cannot be expected that a constant ratio will 
obtain between power factor and hydrophil content, 
especially when different cable compounds are being 
compared as in the work just described. The im- 
portant thing to watch for is similarity in character 
of the radial hydrophil and power factor curves. 

In comparing the radial power factor and hydro- 
phil curves, attention should be directed only to the 
correspondence of maximums and minimums, since 
the vertical scale of one or the other could be ad- 
justed to produce an unfair similarity. The same 
end might also be accomplished by varying the 
temperature of the power factor measurement; the 
low portions of the curve would not greatly change 
position with temperature, whereas the high portions 
would be sensitive to temperature variation. 

Effects of Exposure of Tape During Measuring. 
The errors due to exposure of the paper tapes to the 
air in the interval between their removal from the 
cable and their measurement in the power factor 
cell have been studied. The effect of moisture and 
oxidation together was determined by hanging up 
tapes in the laboratory atmosphere and measuring 
at intervals. The results on several tapes are given 
in Table I. The effect of oxidation alone was de- 


TABLE I—EFFECT OF EXPOSURE OF DETERIORATED PAPER TAPES TO 
LABORATORY ATMOSPHERE 


(Average Relative Humidity = 35 Per Cent) 


Power Factor, Per Cent 
Total elapsed time 


of exposure Sample 1 Sample 2 
Hr Min 
0 0 1 2.6 2.8 
0 5 2.6 2.8 
0 50 3.2 3.5 
27 10 10.2 10.8 
48 40 10.6 See 


_ Tasie II—Errect or ExPosuRE OF DETERIORATED PAPER TAPES 
; TO Dry AIR 
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Power Factor, Per Cent 
Total elapsed time 


of exposure Sample 1 Sample 2 Sample 3 
Hr Min 
0 0 2.4 1.2 2.7 
28 0 2.4 4.6 3.8 
37 30 2.5 4.8 4.1 
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termined by placing selected tapes in a glass tube 
flushed out with carefully dried air. The results 
are given in Table II. The small change exhibited 
by sample 1 in Table II as compared with that of 
samples 2 and 8 may be explained on the basis that 
the latter were selected from a zone where intense 
ionization had taken place, resulting in the produc- 
tion of unsaturated hydrocarbons. The latter oxi- 
dize much more rapidly than the original oil. The 
effect of handling the tapes between the bare fingers 
cannot be detected by the power factor cell. 

From these data it may be concluded that ad- 
sorption of moisture is the major cause of increase 
in power factor when oil impregnated paper tapes 
are exposed to laboratory air, although oxidation 
also plays a part. Neither of these effects produces 
a measurable change within a 5-min period, so that 
the short exposure in unwrapping tapes from cable 
has no influence on the power factor measurement. 

The hydrophil and wax characteristics which have 
been plotted radially for these cables are not always 
sufficient to explain the variations in the radial power 
factor curve. For example, the radial power factor 
is sometimes found to turn upward near the sheath, 
whereas the hydrophil curve is flat, even when no 
ionization has been present. In such a case it is 
thought that the increase in power factor may be due 
to moisture adsorbed before the application of the 
lead sheath. It is regrettable that so far no method 
for moisture determination sensitive enough for a 
tape-by-tape investigation is available. 

Occasionally other deteriorating agencies may be- 
come sufficiently pronounced as to obscure any re- 
lationship between radial power factor curves and 
radial hydrophil and wax curves. Besides infiltra- 
tion of moisture, solution of copper in the impregnat- 
ing oil near conductor and shielding tape, which has 
been found to take place to a small extent in cables, 
may in certain cases affect the radial power factor 
curves. 

An irregularity is frequently noted in the hydro- 
phil curve within a few layers of conductor or 
sheath. This is thought to be due both to the 
dilution effect of the excess oil between the conductor 
strands, and to solution of traces of copper in the 
oil. The decrease in power factor of the second 
layer from the conductor is in some deteriorated 
cables marked. The effect is often found at both 
copper conductor and shielding tape in H-type 
cable, but only at the conductor in belted type. 

An interesting observation is that most of the 
oxidation products are concentrated in the oil within 
the paper tape rather than in the excess interlayer 
oil on the outside of the tapes. This is shown by 
separate hydrophil determinations on oil wiped off 
the outside of the tape, and on oil dissolved by means 
of benzol from within the tape. 

The radial method should prove of value in de-. 
termining the distance from joints or leaky potheads 
at which oxidation effects are obtained. It should 
also be useful in testing the insulation in the vicinity 
of failures, and in determining the causes of in- 
creased dielectric loss in cable aged by accelerated 
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methods. It also provides a means for determining 
the progress of deterioration with years of service. 
In addition many abnormal cases of service deteriora- 
tion occur where the method might yield new in- 
formation. On new cable, the method might be 
used to detect deterioration due to storage; or to 
bring to light errors in the manufacturing process, 
such as the use of oxidized oil for impregnation. 


SUMMARY 


A useful method of studying the nature and 
source of service deterioration of oil-impregnated 
paper-insulated high-tension cable is to measure the 
electrical and chemical characteristics in a radial 
direction, layer by layer, from sheath to conductor. 
Two methods have been described for measuring, 
respectively, the power factor and oxidation products 
of individual layers of insulation. By applying 
these methods to used cable, a radial power factor 
curve is obtained which may furnish valuable infor- 
mation as to the degree and source of deterioration. 
There is also obtained a radial curve for oxidation 
products which, together with a radial wax curve 
determined by estimation, will explain in most cases 
the radial power factor curve, and may furnish valu- 
able information as to the nature of the deterioration. 

Application of the radial method to a number of 
used cables leads to the following conclusions: 

1. Deterioration of cable insulation in a radial direction is non- 
uniform. 


2. A major cause of deterioration of solid-type cables in service is 
oxidation. Oxidation also causes deterioration of cable during 
storage in the cable yard. 


3. Leakage of air into and along the cable, either at time of installa- 
tion or during operation, and air occluded in the cable at time of 
manufacture, are probably responsible for the oxidation of the in- 
sulation. 


4, Ionization, as indicated by wax deposits, does not necessarily 
cause sharp increases in dielectric loss of individual paper tapes. 


5. The deterioration of 3-conductor cables is frequently markedly 
different on 1 core than on the other 2. ' 


The new tools should prove of practical value in 
the study of a number of insulation problems. They 
will be useful in determining the nature and source of 
the deterioration which goes on in cables in storage 
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and in service, and how this deterioration progresses 
with years of service. They should also show the 
part that leaky joints and potheads play in causing 
deterioration and the remedial effect of oil reservoirs. 
They should throw new light on many abnormal 
types of deterioration. In addition the new tools 
should be helpful in checking and improving the 
manufacturing processes. In all cases where de- 
terioration is experienced with thin laminated 
insulation as in cables, condensers, and transformers, 
application of the new tools should constitute a 
valuable diagnostic method. 
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Discussion 
For discussion of this paper see page 1015. 


Precision Timing of Athletic and Other Sporting 
Events 


BY C. H. FETTER* 


Associate A.I.E.E. 


plane racing, and other similar sporting events 

in the establishing of new records against time, 
has been a subject of increasing interest during the 
last few years. A good runner will travel approxi- 
mately a yard in '/1) of a second, and races frequently 
are won by a margin of inches. It is thus evident 
that if time records are to be employed as a common 
denominator for comparing athletes and for the just 
awarding of records, a timing system accurate to 
the order of !/199 of a second is required. 

Until recently, athletic races have been timed by 
stop watches; experience has shown that even with 
competent timers, the variation of individual read- 
ings from the average indicates that the over-all 
probable error is undesirably large. These errors 
are the result of both mechanical limitations in stop 
watch design and errors in human judgment, which 
are involved in starting and stopping the watches 
at the proper instant. The rate of a good stop watch 
may be accurate to within a few seconds per day; 
but in the authors’ observation of stop watches and 
measurements upon them, these rates have shown a 
wide variation and unless a watch is very closely 
adjusted and kept in good condition, it is apt to have 
a considerable error. 

Lack of precise time measuring apparatus for 
athletic events long has been recognized. The re- 
quirements which formed the basis for the system to 
be described were outlined first by Gustavus T. 
Kirby, chairman of the advisory committee of the 
Intercollegiate Association of Amateur Athletes of 
America (I.C.A.A.A.A.) to whom the authors are 
greatly indebted for cooperation in the development 
and trial of the timing system. 

In a track event the race is started by means of a 
pistol. The race begins at the visible flash of the 
pistol, regardless of when the sound reaches the 
ears of the runners or the ears of a manual timer. 
This may be contrary to the popular impression 
that the sound of the gun denotes the beginning of 
the race. The dependence upon sound would intro- 
duce an error of 0.27 sec in a race where the distance 
between starter and timers was 100 yd. The 
race is finished when the torso of the runner has 
reached a line on the ground which. defines the end 
of the course. A tape stretched between two posts is 
there merely for the guidance of. the runners and the 
judges, and has nothing to do with the finish line 
of the race. The standard tape consists of a loosely 
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woven yarn and frequently it is out of line with the 
finish mark on the ground, because of wind pressure. 
The tape may be broken by a runner’s hand before 
he crosses the line, or a runner by falling at the finish 
line may even finish a race without breaking the 
tape; because of these facts, any mechanical con- 
trivance associated with the tape was out of the 
question. In addition, as far as athletic events are 
concerned, timing was not the sole problem; judging 
the position of the second, third, and sometimes the 
fourth runner, particularly in elimination contests, 
was found to be of considerable importance. There- 
fore, it was concluded that the only satisfactory 
method of timing and judging a race was by means of 
a motion picture camera that would photograph 
both the action of the contestant at the finish, and 
his time. Mr. Kirby, without the authors’ knowl- 
edge at the time, also had arrived at the same con- 
clusion, and a discussion and interchange of views 
in the summer of 1931 marked the beginning of this 
development. As a result of his aggressive interest 
and kind cooperation, the camera used has been 
called the Kirby Two-Eyed Camera. 


APPARATUS AND METHOD OF OPERATION 


The timing system was developed primarily to 
meet track conditions and to enable the measure- 
ment of time with an error not to exceed one 14/1 
sec in a one-mile or shorter race. Briefly described, 
the system comprises a 200-cycle frequency genera- 
tor, the time standard of the system; a synchronous 
motor; a clock driven by the synchronous motor 
through an electromagnetic clutch; and a high 
speed motion picture camera equipped with twolenses, 
one to photograph the action of the runner at the 
finish line and the other to photograph the clock. 
The clock consists of three concentric dials of which 
the inner dial, with 100 divisions, rotates at one revo- 
lution per second; the middle dial, having 60 divi- 
sions, rotates once a minute; and the outer dial, with 
60 divisions, revolves at one revolution per hour. 
In this way it is necessary to photograph only a 
small segment of the three concentric dials in order 
to obtain the time in minutes, seconds, and hun- 
dredths seconds. 

Operation of the system is evident from the 
schematic diagram, Fig. 1. The synchronous motor 
rotates continuously. The clock dials are engaged 
with the rotating motor by means of a polarized 
magnetic clutch operated by the discharge of a 
condenser at the beginning of the race through a 
contact in the starter’s pistol; this starts the clock 
from its zero position. Just prior to the end of the 
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Fic. 1—ScHEmMaTIC DIAGRAM OF ELECTRIC TIMING SYSTEM 


race the camera is operated to photograph the 
runner and the time registered by the clock. After 
the race is over, the clock mechanism is disengaged 
from the motor and the dials are reset to zero; 
the system then is ready for the next event. 


FREQUENCY GENERATOR 


The 200-cycle frequency generator contains a 
tuning fork and an amplifying system. The tuning 
fork is the heart of the timing system for measure- 
ments of time are dependent upon its rate of vibra- 
tion. The utmost care, therefore, has been* taken 


in the design, construction, and operation of the 
tuning fork and its associated parts in order to 
maintain the fork frequency as closely as is prac- 
ticable to 200 cycles per second. The fork itself 
(see Fig. 2) is made of a special alloy which reduces 
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the effects of temperature change on frequency to a 
minimum. In addition, the fork is mounted in a 
heat insulated box provided with a thermostatically 
controlled heater capable of keeping the fork tem- 
perature essentially constant though the generator 
may be operating for an indefinite period of time in 
the tropics at. 120 deg F or in northern winter 
weather of 20 deg F below zero. 

Tests made under extreme temperature conditions 
have shown that the resulting frequency change 
contributes but a minor part of the total system 
error. The fork and the electromagnetic driving and 
pick-up coils are held together by a strongly built 
casting which, in turn, is suspended by rubber sup- 
ports to eliminate the effects of external mechanical 
vibrations that might be of a frequency such as to 
change the period of vibration of the fork. As a 
further precaution, the whole fork box also is sus- 
pended by similar rubber supports. 
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Associated with the tuning fork is a three-stage 
vacuum tube amplifier used to maintain oscillations in 
the fork and also to provide the power output neces- 
sary to drive the synchronous motors. The output of 
the first two stages of the amplifier is coupled electro- 
magnetically through the fork to the amplifier 
input so that the loss through the fork is offset by 
the gain in the amplifier. The fork oscillations are 
maintained by amplifying the small currents gen- 
erated in the pick-up coils by the movement of the 
fork prongs, and using this amplified energy to drive 
the fork by means of the driving coils. A limiting 
device is placed in the circuit which automatically 
limits the amplitude of the fork with changes in line 
voltage of the amplifier power supply and also 
reasonable aging of the vacuum tubes. Such a de- 
vice is necessary in order that the amplifier will not 
overload or the amplitude of the fork vibrations vary 
sufficiently to cause a change in frequency. The 
entire apparatus may be operated from commercial 
power sources with voltages from 100 to 125 volts 
and frequencies from 50 to 65 cycles. A photograph 


of the generator and clock is reproduced in Fig. 3. 


be s: “ a RE 


Fic. 3—AMPLIFIER USED WITH THE TUNING FoRK GENERATOR, 
AND CAMERA CLOCK 


As a further precaution to insure proper opera- 
tion, a simple checking circuit is provided which 
permits an over-all check of the oscillating circuit 
and insures that the vacuum tubes are functioning 
satisfactorily. Although this checking circuit will 
not directly check the frequency of the fork, it so 
checks the associated circuits as to practically 
guarantee that the fork frequency is correct. 

The third stage of the amplifier is a push-pull 
power amplifier which is operated by energy diverted 
from the tuning fork driving coils. This stage of 
amplification provides ample energy to drive two 
synchronous clocks simultaneously and is arranged 
so that the frequency is independent of the amplifier 
load. The entire equipment is operated from an 
a-c source, a small portion of the rectified and 
filtered plate power supply being used to operate 
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the clutch mechanism. Though the amplifier and 
clutch thus are interconnected, they are isolated 
sufficiently well electrically so that the clutch opera- 
tion has no effect upon the amplifier that might cause 
a change in frequency. 


THE CLock AND ITs MECHANISM 


The clock assembly includes a synchronous motor 
which is connected by means of a clutch to the dials, 
through a gear train. 

Mechanical design of the clutch and clock mecha- 
nism involved the reduction of the moment of inertia 
of all high speed rotating parts to a minimum, and 
the use of specially hardened parts for the clutch 
members to minimize tooth wear. In order to pro- 
vide the clutch with a sufficiently high operating 
speed, the clutch magnets were made relatively 
small in size and they are operated by the dis- 
charge from a condenser. This permits the use of 
much greater power for a few thousandths of a 
second than heating limits would allow if power were 
applied continuously. 

The dials appear on the top of the clock assembly ; 
they can-be reset by means of a peripheral ring sur- 
rounding the outside dial. A lamp house, mounted 
on top of the clock mechanism, provides a support 
for the camera and contains two ordinary 6-volt 
lamps for clock dial illumination. The auxiliary 
optical system in the camera is designed to photo- 
graph the clock dials while the main camera lens 
simultaneously records the action. A complete de- 
scription of the camera is given in a paper by F. E. 
Tuttle of the Eastman Kodak Company, Rochester, 
N. Y., presented at the April 1933 convention of the 
Society of Motion Picture Engineers, held in New 
York, N. Y. A photograph of the camera clock as- 
sembly is reproduced in Fig. 4. 
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“Stop” and ‘‘start’’ buttons are provided a 
the camera clock so that it may be operated ind 
pendently for testing. A jack also is provided ; 
parallel with the ‘‘stop”’ key so that if the clock t 
used without the camera, a cord terminated in a sto 
switch may be inserted in this jack to permit manu: 
stopping of the clock by a human timer; this give 
instantly the time, except for the error introduced b 
the reaction time of the operator. 


STARTER’S PISTOL 


The starter’s pistol is provided with a conta 
inside of the butt which is adjusted to operate at tk 
instant the hammer strikes the cartridge. Oth: 
methods have been proposed for providing this fun 
tion, but the contact method seems to be the mo: 
reliable, and in hundreds of tests never has failed. 


ANALYSIS OF ERRORS IN TIMING SYSTEM 


In designing a system of this type for a precisic 
of 1/19 sec, it has been necessary to consider car 
fully what errors may be involved. It will be helpf 
to list the possible errors and then analyze the: 
individually. These errors are as follows: 


Variation in standard frequency supply. 

Error in operating the contact on the pistol. 

Variation in phase angle of lag of synchronous clock motor. 
Variation in operating time of clutch magnet. 

Error due to limited number of teeth on clutch. 

Error due to initial dial setting, 

Observational error in reading dials. 


5 ASS OUT hee 


In actual tests covering a period of several day 
the frequency of a sample stock tuning fork and i 
associated driving circuit did not vary more tha 
+ 9 parts in a million, when calibrated against 
quartz crystal oscillator having an error less than 
part in a million. Other sources of possible erro 
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such as variations in the vacuum tubes used to drive 
the fork and in power supply voltage, make the maxi- 
mum total indicated error + 25 parts in a million, 
or + 1 part in 40,000, or at a rate of about 2 sec in 
24 hr. This is somewhat better than the precision 
generally attained in the highest grade watches. 
In practice, it means that in a one-mile race the 
error due to the fork alone will not exceed, and 
probably will be less than, 0.0075 sec, while in the 
shorter races, it will be entirely negligible, being 
only about 0.002 sec in the quarter-mile. 

The ignition time of a cartridge has been studied 
exhaustively by ammunition manufacturers, and is 
of the order of 0.001 sec or less, depending upon 
the kind of powder used. Since the ‘‘start’’ circuit 
contacts do not close until the moment the cartridge 
is hit, the acceleration time of the trigger is not a 
factor. 

The synchronous motor is of the variable re- 
luctance type shown in Fig. 5. The rotor has 20 
teeth and operates at 600 rpm on 200 cycles. The 
normal phase angle of lag is approximately 15 elec- 
trical degrees, but this angle may vary from 5 to 
25 deg between minimum load with maximum input, 
and maximum load with minimum input. However, 
the error under any given conditions at a particular 
race will not exceed 10 electrical degrees or only 
0.00014 sec. 

The clutch magnet, shown in Fig. 6, has a polarized 
magnetic circuit and therefore tends to hold firmly 
in either position after operation. The starting 
winding is closed by the contact on the starter’s 
pistol. The time required to operate the magnet is 
0.006 sec, but the variation in this is small 
since both the mechanical and electrical inertia of 
the circuit are substantially constant. Therefore, 
allowance is made in the camera clock for the mean 
value of this error by setting the '/10-sec dial ahead 
0.006 sec. In the case of the manually stopped auxil- 
iary clock no such adjustment is made since the time 
of stopping is substantially equal to the time of start- 
ing and they thus cancel out. An allowance of 
0.001 sec may be made for lack of complete com- 
pensation for this error. 

Another source of error is introduced by the clutch 
teeth. Since there are 80 possible locking positions 
of the clutch, the maximum error is '/g) of one 
revolution of the motor or 0.0013 sec from this cause. 
High speed motion pictures of the clutch operation 
showed no bouncing or slippage of the clutch mem- 
bers, and the operation was found to be always cor- 
rect to the nearest tooth. 

Error due to the initial dial setting is not more than 
0.001 sec if the clock dials have been adjusted 
properly and the operator uses ordinary care at the 
time of resetting. The dials are located in the cor- 
rect initial position by means of a detent in the reset 
ring. 

Error due to inaccurate reading of the dials is, 
of course, a human error and is largely a matter of 
skill in estimating fractions of the 1/100-sec divisions 
on the inner dial. This should be practicable within 
0.2 division or 0.002 sec. 
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A laboratory check on the foregoing analysis was 
made using two clocks which were simultaneously 
started and stopped 100 times by means of common 
push buttons, resetting between successive opera- 
tions. Figure 7 shows the observed frequency dis- 
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tribution of the 100 differences between pairs of 
readings. If these differences were distributed at 
random in accord with the normal law of error about 
the observed average difference of —0.00024 sec 
with an rms deviation of 0.00136 sec, which is that 
of the observed distribution, the smooth dotted 
curve of Fig. 7 would be obtained. Deviations of 
the observed frequencies from this smooth curve are 
greater than may reasonably be attributed to chance 
variations under statistically controlled conditions. 
It is found, however, that the skewness of the 
distribution is significantly different from zero and 
that the observed distribution can be fitted reason- 
ably well by the first two terms of the Gram-Charlier 
series; this may be taken as evidence of statistically 
controlled conditions where the objective distribu- 
tion of error for a given system is non-symmetrical. 
(See ‘‘Economic Control of Quality of Manufactured 
Product,” by W. A. Shewhart.) 

Of course, the data in Fig. 7 represent the com- 
parison of one system against another instead of one 
system against an absolute standard. Assuming 
that for all practical purposes the objective distribu- 
tion of error for one system is functionally the same 
as that for the other, and that the errors of one 
system are not correlated with those of the other, 
then it follows that perhaps the best estimate of the 
probable error of an observation for a single system is 
0.00065 sec and the skewness of the single system is 
approximately twice that observed using the measure 
customarily adopted in the theory of quality control. 
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The fact that the data gave this kind of evidence 
of statistical control supports the contention that 
erratic assignable causes of variability have been 
eliminated successfully. Furthermore, the fact that 
the distribution can be represented approximately 
by the first two terms of the Gram-Charlier series, 
together with the positive evidence of statistical 
control, leads to the conclusion that a single error 
of a single system due to starting and stopping 
should not be expected to be greater than 0.006 sec 
more than once in 100 times, and that it will not ex- 
ceed 0.0014 sec more than 50 per cent of the time. 

It is thus a fair statement to make that the over- 
all accuracy of the system is within 0.005 sec for short 
races and within 0.01 sec for the mile run. This 
degree of accuracy should satisfy the public’s de- 
mand for drawing nice distinctions in comparing the 
achievements of their favorite athletes, and affords 
a sound basis for the establishment of track records. 
Any higher degree of accuracy would be superfluous 
and inconsistent with human limitations. 


USE OF THE EQUIPMENT 


On May 14, 1932, the timing system in model 
form had its first unofficial use at the Columbia- 
Syracuse track meet at Baker Field, New York, 
N. Y. It was used subsequently at the Princeton- 
Cornell meet May 21, 1932, and at the I.C.A.A.A.A. 
annual meet at Berkeley, Calif., in July 1932. At 
Palo Alto in July it was used unofficially in the 
Olympic tryouts. An example of the value of the 
device from a judging standpoint can be seen in 
Fig. 8, which shows five contestants bunched very 
close together at the finish line. Subsequent frames 
from the same piece of film showed definitely the 
order of finish of these contestants, the first three of 
whom were selected for the American Olympic team. 

At the Xth Olympiad held in Los Angeles, July 
31—August 8, 1932, the timing system was used semi- 
officially for every running event. It was used 
officially for judging but unofficially for timing in- 
asmuch as timing to the hundredth second had not 
yet been recognized. Figure 9 shows the finish 
of the 400-m hurdle in the Olympic games; seven 
frames of this picture are shown in order to demon- 
strate the need for hundredth second timing. From 
the first to the seventh frame shown, the runner has 
advanced by only a few inches in a time of about 
0.04 sec. The committee chose the middle frame as 
the finish of the race; the recorded time as shown is 
51.67 sec. It is of interest to note after the film was 
viewed by the committee, that several decisions were 
changed at the Olympic games; the most important 
of these occurred in the same race illustrated in Fig. 
9, in which Findlay of Great Britain was awarded 
third place after the medal already had been given 
to Keller of the United States. Figure 10 shows 
the effectiveness in the use of the camera clock in 
judging and timing the famous Tolan-Metcalfe 
finish in the 100-m final, where Tolan won by a 
very small margin. 

Use of the timing system in such events as aero- 
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plane races was demonstrated in September 1932, 
at the Cleveland air races. Two cameras, started 
together and running in synchronism, were used 
at the beginning and end of a straightaway speed 
course, in which case the elapsed time is the dif- 
ference between the two readings. Figure 11 shows 
Major James Doolittle breaking the world’s record 
for land planes over a 3-km course at an average 
speed of 294.90 mph. 


RACE 2 


«Start 30: 14.10 


FIc. 
RECORD FOR LAND PLANES OVER 3-KM COURSE. 
FOR FouR CONSECUTIVE TRIALS Was 294.90 Mru 


11—Major JAMES DOOLITTLE BREAKING WORLD’S SPEED 
AVERAGE SPEED 


The timing apparatus was used officially at the 
Amateur Athletic Union indoor meet held on Febru- 
ary 25, 1933, in Madison Square Garden, New 
York, N. Y. Several races were extremely close and 
in the 60-yd dash the official decision was withheld 
until the film was viewed by the committee. At 
the I.C.A.A.A.A. indoor meet held on March 4, 
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1933, in the 258th Field Artillery Armory, New 
York, N. Y., the second, third, fourth, and fifth 
places in the 70-yd -hurdle were changed from the 
announced decision of the judges, after they viewed 
the timing film. Asa further result, several changes 
were made in team scores and Harvard replaced 
Princeton in fifth place. 

As a result of the use of this system formal ap- 
provals have been received from the International 
Amateur Athletic Federation, which is the con- 
trolling body of amateur athletes for the Olympics; 
by the A.A.U., which is the governing body of 
amateur athletics in the United States; and by the 
I.C.A.A.A.A. Formal approval also has been given 
by the National Aeronautic Association; and in 
April 1933 approval was given by the Federation 
Aeronautique Internationalle, with headquarters in 
Paris, France, under whose regulations all official 
international aeroplane speed events are run. 


INDUSTRIAL APPLICATIONS 


It is expected that many industrial problems will 
lend themselves to solution by means of the appara- 
tus described, although time and space do not permit 
covering in detail that phase of precise timing. We 
believe that the apparatus described can be used in 
many places as a tool where permanent records are 
desired and where methods heretofore in use have not 
been sufficiently accurate. 


Carrier in Cable 


BY A. B. CLARK* 
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Synopsis.—In order to meet future demands for high grade and 
economical circuits in cables, considerable carrier development work 
has been done which has included an extensive experimental installa- 
tion on a 25-mile loop of underground cable. Sufficient pairs were 
provided in the cable and repeaters were installed to set up nine carrier 
telephone circuits 850 miles long. Tests on these circuits showed the 
quality of transmission to be satisfactory, while the methods and de- 
vices adopted to prevent interference between them were found to be 
adequate. The trial therefore has demonstrated that the obtaining of 
large numbers of carrier telephone circuits from cable is a practicable 
proposition. 


This paper is devoted largely to a description of the trial installation 

TRIAL installation recently was made in 
A which, for the first time, carrier methods were 

applied to wires contained wholly in overland 
cable for the purpose of deriving a number of tele- 
phone circuits from each pair of wires. The trial 
centered at Morristown, N. J. A 25-mile length of 
underground cable was installed in the regular ducts 
on the New York-Chicago route in such a manner 
that both ends terminated in the long lines repeater 
station at Morristown. The cable contained 68 
No. 16 AWG (1.3 mm diam) non-loaded pairs on 
which the carrier was applied. Sufficient repeaters 
and auxiliary equipment were provided at Morris- 
town so that these 68 pairs could be connected to- 
gether with repeaters at 25-mile intervals to form 
the equivalent of an 850-mile 4-wire circuit. 

From this 850-mile 4-wire circuit 9 carrier telephone 
circuits were derived, using frequencies between 4 and 
40 ke. The diagram of Fig. 1 shows the system sim- 
ulated by the experimental set-up. 

In a practical installation the one-way paths would 
be shielded from each other either by placing them in 
separate cables or by placing them in a single cable 
divided into 2 electrical compartments by means 
of a specially arranged shield. In the set-up at 
Morristown the circuit was necessarily arranged 
somewhat differently since only one cable was avail- 
able. Transmission over all loops in this cable went 
in the same direction, half the loops then being con- 
nected in tandem to simulate one direction of trans- 
mission through a long circuit and the other half in 
tandem to simulate the other direction of trans- 
mission. 

It will be noted that in the cable system of Fig. 1 
the practical equivalent of 2 electrical paths was 
provided, one for transmission in each direction, the 
same range of frequencies being used in each direc- 
tion. This differed from common open-wire prac- 
tice in which the frequency range is split in 2 and 
used, one half for transmission in one direction, the 
other half for transmission in the other. The fre- 
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and an account of the experimental work which has been done in this 
connection. Due to present business conditions, 1t is expected that 
this method will not have immediate commercial application. 

This work is part of a general investigation of transmission systems 
which are characterized by the fact that each electrical path transmits 
a broad band of frequencies. Such systems offer important possibilities 
of economy particularly for routes carrying heavy traffic. The con- 
ducting circuit is non-loaded so that the velocity of transmission is 
much higher than present voice-frequency loaded cable circuits. This 
is particularly important for very long circuits where transmission 


delays tend to introduce serious difficulties. 
* * * * 


quency allocation of the Morristown cable carrier 
system is compared in Fig. 2 with existing open-wire 
systems in this country. Except for this matter of 
difference in frequency allocation, the fundamental 
carrier methods used in this cable system did not 
differ in principle from those already used on open 
wires. As will be noted in Fig. 2 all of these carrier 
telephone systems use the single sideband method 
of transmission with the carrier suppressed. 

A schematic diagram of the terminal apparatus 
used in deriving one of the telephone circuits is shown 
in Fig. 3. Its general resemblance to the terminal 
apparatus used in present open-wire systems is 
evident so no further discussion of this seems re- 
quired. Five relay rack bays carrying terminal 
equipment (exclusive of line amplifiers) for one 
system .terminal yielding 9 telephone circuits are 
shown in Fig. 4. 

Important problems in cable carrier transmission 
are: ; 

1. Keeping circuits electrically separated from each other, i. e., 
preventing troublesome crosstalk. 
2. Maintaining stability of transmission. 


CROSSTALK 


With respect to crosstalk, the first and most im- 
portant requirement is to secure a very high degree 
of electrical separation between paths transmitting 
in opposite directions. Careful crosstalk tests dem- 
onstrated that by placing east going circuits in one 
cable and west going circuits in another, the neces- 
sary degree of separation could be obtained even 
though the 2 cables were carried in adjacent ducts. 
Tests on short cable lengths indicate that adequate 
separation can probably be secured by means of a 
properly designed shield; one practical form of such 
a shield consists of alternate layers of copper and iron 
tapes. With such a shield a cable may be divided 
into 2 compartments and thus carry both direc- 
tions of transmission. 

Having thus separated opposite bound trans- 
missions there is left the problem of keeping the 
crosstalk between same direction transmissions with- 
in proper bounds. In the cable used for the Morris- 
town trial the 16 AWG pairs used for the carrier were 
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separated from each other by sandwiching them in 
between No. 19 AWG (0.9 mm diam) quads of the 
usual construction. These quads served as partial 
shields between the carrier circuits and would in a 
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commercial installation have been suitable for regular 
voice frequency use. Thus a considerable reduction 
in the crosstalk between the carrier pairs was effected. 

When the problem of keeping crosstalk between 
circuits transmitting in the same direction within 
proper bounds is examined it becomes evident that 
no matter how high the line amplifier gains may be, 
these gains do not augment this crosstalk since if all 
of the circuits are alike transmission remains at the 
same level on all circuits. Not so evident perhaps is 
another fact that crosstalk currents due to unbal- 
ances at different points tend to arrive at the distant 
end of the disturbed circuit at the same time. This 
makes it possible to neutralize a good part of the 
crosstalk over a wide range of frequency by intro- 
ducing compensating unbalances at only a compara- 
tively few points. In practice, balancing at only one 
point in a repeater section (which may be an inter- 
mediate point or either extremity) serves to make 
possible considerable reduction of the crosstalk. In 
the Morristown set-up balancing arrangements were 
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applied at an intermediate point in the cable and 
found to be entirely adequate for the frequency range 
involved, in fact transmission of considerably higher 
frequencies would have been possible without undue 
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crosstalk. Other tests have indicated that, thanks 
to these balancing means, the 19-gage quads used in 
the Morristown cable for separating the 16-gage 
pairs from each other can probably be dispensed 
with, even for frequencies considerably above those 
used in the trial. 

The experimental panel on which the circuits were 
brought together for balancing was installed in a 
weather-proof hut near the center of the 25-mile re- 
peater section. By this means all pair to pair combi- 
nations in the group to be balanced were brought into 
proximity so that the leads to the balancing devices 
could bekept short. The actual balancing was accom- 
plished by either or both of 2 methods: (1) con- 
necting small condensers made up of twisted pairs, 
between wires of different cable circuits; (2) coupling 
wires of different circuits together through small air- 
core transformers. Each unit was individually ad- 
justed after measurement of the crosstalk between 
the various combinations. 


MAINTAINING STABILITY OF TRANSMISSION 


Referring to the problem of stability, the impor- 
tance of this will be appreciated from the fact that the 
average attenuation at the carrier frequencies em- 
ployed in the 850-mile circuit as set up at Morris- 
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town was about 1,300 db. A circuit was actually 
set up and tested consisting of 9 of the carrier links 
in tandem, giving 7,650 miles of 2-way telephone 
circuit whose total attenuation without amplifiers 
was about 12,000 db. This attenuation, on an 
energy basis, amounts to 1042. This ratio, repre- 
senting the amplification necessary, quite transcends 
ratios such as the size of the total universe to the 
size of the smallest known particle of matter. 
Balancing this huge amplification against the 
correspondingly huge loss, to the required precision, 
1 or 2 db, is a difficult problem. Fortunately, 
a new form of amplifier employing the principle of 
negative feedback has been invented by H. S. Black 
of Bell Telephone Laboratories and may be described 
later in an Institute paper. By making use of 
this negative feedback principle, amplifiers were 
produced for this job giving an amplification of 
50-60 db and this amplification did not change 
more than 0.01 db with normal battery and tube 
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variations. This is ample stability even when it is 
considered that, with amplifiers spaced 25 miles 
apart, there would be 160 of these in tandem on a 
circuit 4,000 miles long. 

As is well known, the losses introduced by cable 
circuits do not remain constant even though the 


Fic. 4—TERMINAL EQUIPMENT FOR NINE TELEPHONE CIRCUITS 


circuits are kept dry by means of the air-tight lead 
cable sheaths. Variation in temperature is princi- 
pally responsible for the variation in efficiency of the 
circuits. The change in temperature, of course, 
alters the resistance of the wires and to a lesser extent 
changes the other primary constants, particularly the 
dielectric conductance. In Fig. 5 is shown the trans- 
mission loss plotted against frequency of a 25-mile 
length of 16-gage cable pair at average temperature 
(taken as 55 deg F) and also the effect of changing 
this temperature + 18 deg F which is about the 
variation experienced in underground cable in this 
section of the country. For a circuit 1,000 miles 
long the yearly variation amounts to about 100 db. 
The transmission loss at any frequency is a simple 
function of the d-c resistance. Consequently, meas- 
urement of the d-c resistance of a pilot wire circuit 
exposed to the same temperature variations can be 
used to control gains and equalizer adjustments to 
overcome the effect of this temperature variation. 
In Fig. 6 is shown a schematic diagram of the pilot 
wire transmission regulation system used in the 
Morristown experiments, while the photograph of 
Fig. 7 indicates the appearance of the apparatus. 
This pilot wire regulation system takes care of a 
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25-mile length of cable. The arrangement of the 
regulating networks is such that variation of a single 
resistance causes the transmission loss to be varied 
a different amount at different frequencies as re- 
quired by the variation in the line loss shown in 
Fig. 5. In Fig. 6 the relay system is omitted for the 
sake of simplicity. The function of the relay system 
is, of course, to control the rotation of the shaft 
carrying the variable resistances so that it follows 
the rotation of the shaft associated with the master 
mechanism. The centering cam is provided to avoid 
“hunting.” 

The Morristown experiments have shown that this 
form of regulation is adequate when underground 
cables are employed. Similar regulation of aerial 
cables in which the transmission variation with time 
is 3 times as large and several hundred times as 
rapid presents greater but not insuperable difficulties. 


OBTAINING HIGH AMPLIFICATIONS 


The attenuation of cable pairs being inherently 
high at carrier frequencies, high amplifier gains are 
called for, otherwise the cost of the carrier circuits 
goes up very materially. Since as the power carry- 
ing capacity of the repeaters is increased a point is 
soon reached where it becomes very expensive to go 
further, high amplifications must be secured by let- 
ting the transmitted currents become very weak 
before amplifying them. A natural limit to this is 
found in the so-called thermal or resistance noise- 
generated by all conductors. (See ‘““Thermal Agita- 
tion of Electricity in Conductors,” by J. B. Johnson, 
Phys. Rev., v. 32, 1928, p. 97-109; and~ “Thermat 
Agitation of Electric, Charge in Conductors,” by 
H. Nyquist, Phys.-Rev., Vs 32, 1928 3p iGo" 
Similar natural and largely insuperable noises are 
introduced by the vacuum tubes in the amplifiers. 
Other sources of noise are: (1) telegraph and sig- 


naling circuits worked on other pairs in the same 


cable with the carrier circuits; (2) radio stations; 
(3) noise from power systems, particularly electric 
railways. The latter 2 disturbances originate 
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outside the cable so that they are subject to the 
shielding effect of the lead sheath which increases 
rapidly with increasing frequency. Generally speak- 
ing, in a new cable both of these and also the noises 
from other circuits in the same cable may be rele- 
gated by location and design to comparatively 
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minor importance. On existing cables, however, 
they may require special treatment. In all cases 
however, the lower levels at the upper frequencies, 
,which largely determine the repeater spacings, are 
established primarily by the thermal noise in the 
conductors and by the corresponding noises in the 
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Fic. 6—-AUTOMATIC TRANSMISSION REGULATING SYSTEM 


vacuum tubes. In the Morristown installation the 
amplifications were kept small enough and the levels 
high enough so that noise was not an important 
factor. 


EXPERIMENTAL RESULTS 


A large number and wide variety of tests have been 
made using the set-up at Morristown. These were 
generally of too technical a character to be of interest 
in a general paper such as this one. It will be of 
chief interest to note that no serious difficulty was 
experienced in setting up the 850-mile 4-wire 4 to 
40-ke circuit with the necessary constancy of trans- 
mission loss at different frequencies, although the 
equalizer arrangements which made this possible 
presented intricate and difficult problems of design. 
Nine separate carrier telephone conversations were 
transmitted over this broad band circuit without 
difficulty due to cross-modulation. 

Each carrier telephone circuit was designed to 
yield a frequency band at least 2,500 cycles wide, 
extending from about 250 cycles to somewhat above 
2,750 cycles when 5 such carrier links are con- 
nected in tandem. This liberal frequency band 
and the very satisfactory linearity of transmission 
over the entire system, gave a very excellent quality 
of transmission. In order to exaggerate any quality 
impairment which might have been present the 9 
catrier circuits were, as noted previously, connected 
for test in tandem giving a total length of about 
7,650 miles of 2-way telephone circuit. The 
quality of transmission over this circuit also was found 
very satisfactory. In fact, the quality was not 
greatly impaired even when twice this length of one- 
way circuit was established by connecting all the 
lengths in tandem, giving a 15,300-mile circuit whose 
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overall loss without amplifiers was about 24,000 db. 

As noted previously, the fact that the cable pairs 
were left non-loaded gives the cable carrier circuits 
the advantage of very high transmission velocity. 
Including the effect of the apparatus this velocity is 
approximately 100,000 miles per sec; 5 or 6 times 
as great as the highest velocity loaded voice-fre- 
quency toll cable circuits now employed in the 
United States. This velocity is ample for tele- 
phoning satisfactorily over any distances possible on 
this earth. 


CONCLUSION 


Under the present economic conditions there is no 
immediate demand for the installation of systems of 
this type. Consequently development work is being 
pursued further before preparing a system for com- 
mercial use. The final embodiment or embodiments 
of the cable carrier system will probably differ widely, 
therefore, from the system described in this paper. 
Since the transmission performance of the experi- 
mental system was so completely satisfactory, em- 
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Fic. 7—AUTOMATIC TRANSMISSION REGULATING EQUIPMENT, 
Covers REMOVED 


phasis is now being directed toward producing more 
economical systems which will be applicable to 
shorter circuits. Preliminary indications from this 
work are that some form of cable carrier system will 


‘ultimately find important application on circuits 


measured in tens rather than hundreds of miles. 
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Discussion 


G. Ireland: The initial installation of carrier telephone systems 
in the Bell System which were superimposed on open wire facilities 
was made about 1918. The history of the development and applica- 
tion of carrier telephone systems in the Bell System since that time 
has been covered in several papers presented before the Institute.” 
In tracing the history of the development of the carrier current sys- 
tems for open wire lines, it is interesting to note the continual 
process of improvement and simplification which has occurred. 
This process including reductions in cost enlarged the field of use 
of carrier systems as compared to that for open wire so that, whereas 
the earlier systems were only justified for circuits of over several 
hundred miles in length present standard types of systems may prove 
to be economical for distances as short as 50 miles. The increased 
range of carrier is indicated in the following table, showing the 
amounts of carrier and open wire circuit miles in plant in the period 
from 1920 to 1930. 


Carrier Circuit Open Wire 
Miles Circuit Miles 
1920 1,000 1,555,000 
1925 50,000 1,615,000 
1930 500,000 2,100,000 


Only about one-quarter of the open wire circuit miles is involved in circuits 
over about 100 miles in length, which constitutes the most common field for 
carrier circuits. 


The earlier carrier systems were applied to existing open wire 
circuits that had not been initially planned for carrier superposition. 
This, in the case of the earlier systems, necessitated special trans- 
positions of the open wire facilities in order to reduce the absorption 
effects and reduce crosstalk between systems. Later on, stand- 
ardized transposition arrangements were applied to both existing 
and new phantom open wire lines in order to permit the operation 
of a number of carrier systems on the same line. Finally, the im- 
portance of obtaining a maximum use of open wire carrier facilities 
became so great that an entirely new form of open wire construction 
was adopted for new open wire facilities. The new method involved 
abandoning the phantoms on open wire pairs on which the carrier 
facilities were superimposed, reducing the spacing between the wires 
of these pairs to 8 inches and widening the spacing between the 
wires of adjacent pairs to 16 inches. This permitted the superposi- 
tion of carrier telephone systems on every non-pole pair.* 

Viewing this new development as described in the paper in light 
of the experience obtained with the open wire carrier, it is possible 
to predict that the same history of continued improvement through 
developments, of application first to existing cable facilities and 
then of increased application to both existing cable plant and new 
plant especially provided for such a system will take place. As in 
the case of the open wire carrier, it would be logical to expect that 
the initial applications would be made largely for the provision of 
the longer cable circuits and that later on it would be possible to 
justify economically the application of the cable carrier system to 
shorter and shorter distances. 

C. S. Demarest: In the application of carrier telephony to 
cable circuits, the provision of office equipment that will serve to 
multiply the facilities obtained from a given number of cable con- 
ductors is involved. It is thus a development that tends to increase 
the importance of this equipment in relation to the plant as a whole. 
It magnifies, in this respect, the process that was started a number 
of years ago with the development employing small gauge toll cable 
conductors, with increased numbers of telephone repeaters, in place 
of open-wire circuits. The economies that may be effected by such 
developments, and their practical advantages from a plant stand- 
point, are, of course, greatly influenced by the design of the equip- 
ment. 


1. Carrier Current Telephony and Telegraphy, by E. H. Colpitts and O. B. 
Blackwell, A.I.E.E. Trans., Vol. 40, 1921, p. 205. 

2. Carrier Systems on Long Distance Telephone Lines, by H. A. Affel, C. S. 
Demarest and I, W. Green, A.I.E.E. Trans., Vol. 47, 1928, p. 1360. 

3. Recent Developments in Toll Telephone Service, by W. H. Harrison, A.I. 
E.E. Trans., Vol. 49, p. 166. 
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Some of the equipment methods that were developed for small 
gauge toll cable circuits appear well suited to meeting the require- 
ments for cable carrier. In the assembly of the equipment, for ex- 
ample, a method of panel mounting is employed with panels of dif- 
ferent. height but uniform length for all units. This has been de- 
signed to provide a systematic and uniform basis for assembling to- 
gether within an office large numbers of units of various kinds, each 
unit comprising a variety of types of apparatus. Such factors have 
been accentuated in the equipment needed for cable carrier, in which 
large numbers of carrier units may sometimes be expected. The 
present method, therefore, has basic advantages in providing for this 
development in addition to facilitating its possible adaptation to the 
existing plant. 

The cable carrier development represents the first instance in 
which we have had to consider the use of the relatively high fre- 
quencies involved, with such large numbers of equipment units as 
may be assembled together. Perhaps several hundred such units 
may be expected in a large cable carrier terminal, as compared 
with a dozen or so now encountered in a typical open wire carrier in- 
stallation. This brings increased need for compactness in the carrier 
apparatus, with greater need for shielding between certain parts. 
Fairly compact arrangements were provided at Morristown with 
these needs in view, particularly in the case of the amplifiers, al- 
though clearances between units and groups were made very liberal 
as a convenience in the testing. 

To reduce the amount of office cabling and provide the desired 
shielding between high-frequency circuits, new wiring and cabling 
methods have appeared desirable. The outside cable has been 
brought into a sealed unit located in line with the equipment in the 
terminal room. The conductors in this cable are soldered to in- 
dividual lugs exposed only on the front of the terminal unit, and this 
unit is enclosed and filled with compound in the factory. This seal- 
ing of the terminal is to prevent absorption of moisture into the 
cable from the air more effectively than is possible with a tip cable 
terminated on an open frame. Between the terminal and the equip- 
ment, single lead-covered pairs with an extra shielding of copper 
ribbon are employed. Since these are multi-channel circuits, the 
number of the lead-covered pairs is relatively small. 

With the long through circuits that may characterize many ap- 
plications of carrier in cable, there appear to be advantages in 
treating the various apparatus units as fixed parts of the through 
system. The frequent spacing of repeaters anticipated and the fact 
that each of these transmits a considerable number of channels in- 
creases the importance of such an arrangement. With large groups 
of circuits little need is anticipated for frequent changes in the con- 
nections to the individual apparatus units comprising each circuit. 
In testing, with stable apparatus in prospect, there appears to be 
advantage in dealing with the circuit as a whole. The provision 
of the sealed terminal in line with the equipment, as mentioned, 
and the omission of the distributing frame and separate test board, 
are steps taken in this direction in the trial installation. Such re- 
duction in the number of points of access to the circuits, for testing 
purposes, is aided by the elimination of phantoms in carrier cables. 

Some of the other equipment aspects of the cable carrier develop- 
ment involve questions of economy and efficiency in practical ap- 
plication rather than necessarily novel features. The signaling 
means, for example, can be provided on the basis of the voice 
frequency signaling system now employed on ordinary cable cir- 
cuits, although with the large groups of circuits expected, some 
other arrangements may prove more advantageous. In the case 
of the power supply, while the arrangements tested at Morristown 
have provided special features for regulation and a plate potential 
of over 200 volts for the amplifiers, it seems likely that standard 
central office voltages can be employed where this has advantages. 
With respect to the testing facilities for the carrier cables it appears 
that present means may be concentrated and simplified, and that 
novel types of fault locating methods may not be required. While 
the most effective arrangements for these various purposes are yet 
to be worked out, serviceable methods seem readily obtainable. 
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As a whole, the installation of the equipment that has been pro- 
vided for the Morristown trial has included the essential elements of 
a workable layout under commercial conditions. The tests have 
indicated a satisfactory degree of stability and freedom from noise in 
the equipment and wiring. The equipment installed for the trial 
has represented only the initial stage of development in its adapta- 
tion to the purpose, but generally it has appeared possible to provide 
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arrangements that are simple and practical from a plant standpoint. 
Cable carrier is, of course, new, and will involve much that is new 
in the equipment. But it seems likely that desirable arrangements 
can be adapted to smooth working in the present telephone plant, 
and will utilize with advantage some of the basic features of present 


methods. 
* * * * 


Beauharnois Development of the Soulanges 


Section of the St. Lawrence River 
BY W. S. LEE* 


Fellow, A.I.E.E. 


Synopsis.—Development of the power resources of that portion of 
the St. Lawrence River which forms part of the boundary beiween the 
United States and Canada, for many years has been studied by engineers 
and talked by politicians; and neither the end of the discussion nor the 
start of construction is yet in sight. Equal in magnitude of power 
output, but not of expenditure, is the Beauharnois development of the 


HE FIRST SECTION of the Beauharnois 
hydroelectric development, which has been 
under construction for the past 3 years, was 
placed in operation on October 1, 1932, by the 
Beauharnois (Province of Quebec, Can.) Light, Heat 
and Power Company, Ltd. The power station is 
located less than 25 miles from the city of Montreal; 
when completed it probably will be the largest 
hydroelectric station in the world as provision is 
made for an ultimate installation in generating ca- 
pacity of 2,000,000 hp in the one station to be 
operated as a single unit. 

The layout, design, and construction of this de- 
velopment is based upon step by step construction 
as needed to meet the power demand, thus keeping 
the initial expenditure at a reasonable figure, but 
allowing additional steps to be constructed with a 
minimum cost and without interfering in any way 
with the equipment previously installed. A unique 
feature of this development is that nothing was 
sacrificed by the adoption of step by step construc- 
tion; the overall efficiency will be as high and the 
total capital investment will be as low as if the 
ultimate installation had been constructed in one 
operation. 

Dikes for the power canal are built for full canal 
width; as additional water diversion is required, 
additional excavation will be carried on by hydraulic 
dredges driven electrically from power which the 
station itself will generate. This canal will be an 
integral part of the proposed St. Lawrence Water- 
way. The power house for the ultimate installation 
will be one continuous structure approximately 
3,000 ft long, with one centralized point of control. 
The forebay will be common to the entire station, 
but the tailrace will be constructed in 3 sections 
with the spaces between tailrace sections utilized 
for the switching and transmission structures neces- 
sary for handling this enormous amount of power. 
Exceedingly careful study and cooperation was re- 
quired to balance properly the hydraulic and electrical 
design for thisfeature. The three divisions of the tail- 
race enables one or two of them to be operated while 
the other is being excavated and also saves the addi- 


*Consulting Engineer and President, W. S. Lee Engineering 
Corporation, Charlotte, N. C. 

Presented at the summer convention of the A.I.E.E., Chicago, Ill., 
June 26-30, 1933. 
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Soulanges section of this same river, a wholly Canadian enterprise 
the initial installation of which 1s now in operation. The power cana 
of this development will form an integral part of the proposed St 
Lawrence waterway. This paper describes the project as a whole 11 
a general way and presents in more detail the principal features of th 
electrical installation. 


tional cost of cofferdamming for unwatering purposes 

When complete utilization is made of the avail 
able stream flow, the development will be a complete 
unit, but by the adoption of the step by step con 
struction a very efficient initial installation was 
secured. The initial financing required was, 0: 
course, much less than would have been required fo 
completion of the development in one operation 


SITE NEAR AN INDUSTRIAL AREA 


Between Lake St. Francis and Lake St. Louis the 
St. Lawrence River has a fall of 83 ft in an air line 
distance of approximately 15 miles. The flow of thi: 
river is unusually uniform, the average mean flow 
being 220,000 cfs; maximum and minimum recordec 
flows in the past 70 years are, respectively, 318,00( 
and 173,000 cfs. Utilization of the whole mean flow 
represents a possible ultimate of 2,000,000 hp whict 
can be developed at the one site at Beauharnois. 

The development consists of a diversion canal be 
tween the two lakes with the power plant at the Lak 
St. Louis end. The diversion canal follows closely; 
the route proposed for a navigation canal by the 
various international joint commissions; the Cana 
dian government has reserved the right for such use 
and to construct the necessary locks between the 
canal and Lake St. Louis. Included in the powe 
company’s agreement with the Canadian govern 
ment is a provision for the construction of contro 
works at the head of Coteau Rapids to regulate flov 
and to maintain the level of Lake St. Francis. The 
power station is situated within 25 miles of the city 
of Montreal and is within convenient transmissior 
distance of a great industrial area. 


CANAL 


The canal is 15.5 miles long and extends across 
the relatively flat country between Lake St. Franci: 
and Lake St. Louis. Much of the canal area is be 
low the level of the upper lake; consequently th 
canal is carried between dikes for its entire length 
At the Lake St. Francis end the dikes are low, in 
creasing gradually to a maximum height of 45 f 
in the vicinity of the power house forebay. The dike: 
are built for a channel width of 3,000 ft to take care 
of the ultimate diversion of 220,000 cfs. For the 
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nitial installation only part of the ultimate channel 
s excavated below ground line; as additional water 
liversion is required, the channel will be dredged 
iccordingly. The canal is designed for a maximum 
water velocity of 2.25 ft per second. 


POWER STATION 


While the canal excavation was chiefly in marine 
‘lay, with the exception of approximately one mile 
f boulder clay, the presence of a rock ledge approxi- 
nately 1,000 ft wide served as an excellent founda- 
ion for the power house structure although it re- 
juired that the tailrace channels be excavated from 
olid rock. The forebay will be common to the entire 
tation, the north dike being so designed and located 
is to require minimum change for power house ex- 
ension. Three independent tailraces will be pro- 
rided each serving 1/; of the ultimate development. 
[This not only allows the tailraces to be constructed 
yne at a time as required, without interference with 
yrior construction, but also provides adequate areas 
yetween tailraces for switching and transmission 
tructures for the outgoing power circuits. 

The present power house, approximately 1,100 
t in length, is designed for fourteen 50,000-hp gen- 
rating units and two 7,800-hp station service units, 
ind is capable of extension for the maximum of 42 
0,000-hp units required for utilization of the entire 
nean river flow. Two 7,800-hp 60-cycle service 
nits, two 50,000-hp 60-cycle main units, and two 
0,000-hp 25-cycle main units are now in operation. 
[o meet present power contract requirements two 
.dditional 50,000-hp 60-cycle units and four addi- 
ional 50,000-hp 25-cycle units are to be installed prior 
o October 1937. This leaves space available for 
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four more units to meet additional power require- 
ments without extending the present power house. 
At present sluiceways are installed in the space for 
two units to permit by-passing water if found de- 
sirable. In order to tie in the power house structure 
with the north dike, it was found advantageous to 
extend the bulkhead structure for 4 units beyond the 
end of the present power house. 

On the el-94.0 floor are the governors and govern- 
ing equipment, water and oil supply pumps, oil fil- 
tration and storage system, space for repairing 
mechanical and electrical equipment, machine shop, 
and storage space. This floor is the main mechani- 
cal operating floor of the station, all control and 
indicating equipment for such operation being under 
the direct supervision of the turbine operators. Be- 
tween the generator piers and the downstream wall 
is a continuous gallery of sufficient width for a 10- 
ton truck to traverse the length of the station, thus 
affording facilities for quick and convenient move- 
ment of small repair parts and other equipment. 
On the el-115.0 floor are the generators, motor 
driven exciters, generator circuit breakers, and in- 
strument transformers used for indicating the genera- 
tor output. Suspended below the el-133.0 floor are 
the 13.2-kv power transfer buses. On the el-133.0 
floor are the individual control switchboards for 
each generator, metering switchboards, 550-volt 
auxiliary cubicles and the 13.2-kv breakers which 
connect into the auxiliary ring bus suspended below 
the el-149.5 floor. A conduit tunnel (floor el-133.0) 
12 ft wide and 20 ft high extends the length of the 
station and connects with the conduit room below 
the control room and also with the conduit tunnels 
extending to the various switching stations. A pipe 
gallery (el-149.5) is provided for all piping and 
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connections to the water and oil supply systems for 
the power transformers. On the bulkhead are 
situated the gantry cranes operating the head- 
gates, all power transformers, and the 120-kv trans- 
former circuit breakers. Disconnecting switches 
are installed on steelwork on the power house roof 
for isolation of station equipment. 

At the east end of the power house a service build- 
ing is built as an integral part of the power house 
structure. A lobby, superintendent’s office, and 
general offices are situated on the generator floor 
level (el 115.0). On the el-133.0 floor, space is 
provided for laboratories, meter testing, and other 
service requirements. The el-146.0 floor connects 
with the conduit tunnel and is used for making all 
control connections to the master control equipment 
on the el-159.0 floor. Battery charging sets and 
batteries for the 48- and 250-volt control circuits 
also are installed on the el-146.0 floor. On the el- 
159.0 floor are the master control switchboards for 
the station, and the chief operator’s office. The 
layout is such that the maximum station installation 
of 2,000,000 hp can be controlled from this one con- 
trol room. 


GENERAL ELECTRICAL LAYOUT 


In considering the electrical layout for this sta- 
tion, it was realized that the units must be operated 
in independent groups corresponding to the require- 
ments of the customers, but at the same time the 
requisite flexibility for maximum economic use of 
the installed equipment must be secured. One of 
the accompanying illustrations indicates schemati- 
cally the wiring adopted for the first group of units. 

For delivery of 60-cycle-power at 120-kv to the 
Montreal Light, Heat and Power Consolidated the 
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use of a generator with a 3-phase step-up trans- 
former as a unit proved most economic, no generator 
breakers being provided. A 13.2-kv transfer bus 
is installed for transfer purposes but will not be used 
for paralleling generating units. To supply 60-cycle 
power at 44 kv for construction purposes and local 
industrial load, a 23,250-kva transformer is fed at 
present from the transfer bus. 

For delivery of 25-cycle power at 220-kv to the 
Hydro-Electric Power Commission system, a scheme 
was adopted involving two generators each feeding 
into an independent low voltage ‘‘delta” of a step-up 
transformer bank having a capacity corresponding 
to two generators. The high voltage bus arrangement 
is of the modified ring type. : 

For the auxiliary system, two generators, each of 
capacity sufficient to carry the entire auxiliary load, 
feed into a 13.2-kv ring bus. At the extreme end 
of the ring a connection is provided to the 60-cycle 
transfer bus for emergency operation from any 60- 
cycle main generator. Transfer switches also are 
provided so that in the event of failure of any ring 
section, the auxiliary transformer operating from the 
defective section can be switched temporarily to the 
opposite ring section until normal ring closure is 
secured. 

Essential auxiliaries for each group of two main 
units are fed from a 3-phase 1,350-kva transformer, 
energized from an independent section of the 
auxiliary bus and stepping down from 13,200 to 
550 volts. A transformer bank of the same rating 
is provided for general station auxiliaries. Circuit 
breakers controlling the auxiliary equipment are 
housed in steel cubicles on the mezzanine floor of 
the station (el 133.0) and are operated from the 
turbine operator’s control and signal panels situated 
adjacent to the governor stands on the el-94.0 floor. 
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EXTERIOR VIEW OF PRESENT PowER House (1/3 oF THE ULTIMATE) BEFORE CONSTRUCTION Was CoMPLETED 


MaIn GENERATING EQUIPMENT 


Main generating units each consist of a 75-rpm 
37,300-kw generator direct connected to a 53,000- 
hp Francis type turbine. The 60-cycle units are 
rated 46,625 kva at 80-per cent power factor, 13,200 
volts, 55 deg C rise; the corresponding 25-cycle 
units are rated 43,882 kva at 85-per cent power 
factor, 13,200 volts, 55 deg Crise. The 25- and 60- 
cycle units are identical in external appearance; 
they have an outside diameter of 40 ft and a height 
from floor line to base of signal lamp fixture of 10 ft. 
Both 25- and 60-cycle units are capable of continuous 
operation at 14,520 volts at full rated kva. To in- 
sure stability, a rotor WR? of 110,000,000 (moment 
of inertia about its own axis in lb-ft?) was specified 
for both 25- and 60-cycle units, together with a short 
circuit ratio of 1.00 for the 60-cycle units and 1.25 
for the 25-cycle units. The higher short circuit ratio 
for the 25-cycle units was required because the units 
feed into the extensive 220-kv network of the Hydro- 
Electric Power Commission. The generators are 
provided with two independent windings per phase, 
current transformers for the relaying system being 
installed in each end of each winding. To simplify 
terminal connections, these current transformers are 
‘mounted inside of the generator frame where ample 
space is available. 

The weight of the rotating element plus the 
hydraulic thrust is carried by a thrust bearing below 
the rotor. This arrangement reduced the generator 
weight and height, and facilitates dismantling the 
unit as the rotor can be lifted from the generator 
shaft without dismantling the thrust bearing. 
Guide bearings are provided above and below 
the rotor, and an adjustable lignum-vitae guide 
bearing is provided for the runner. A complete 
unit oiling system is provided for each generating 
unit. 

Governor stands are situated on the operating floor 
(el 94.0) in close proximity to the servo-motors and 
all governing equipment, all of which is arranged in 
right and left pairs between each group of two units. 
The mechanical and ‘electrical equipment is so in- 
stalled that two generating units constitute a complete 


100,000-hp unit that can be operated as a separate 


and independent station. 


STATION SERVICE GENERATING EQUIPMENT 


The two station service units each consist of an 180- 
rpm, 60-cycle generator rated 5,760 kw, 7,200 kva 
at 80-per cent power factor, 13,200 volts, 55 deg C 
rise, direct connected to a 7,800-hp Francis type 
turbine. The general layout is similar to that of 
the main units except that the conventional design 
of generator is used with the thrust bearing above 
the rotor. The generators are provided with direct 
connected exciters. Generator windings consist of 
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a single circuit per phase with a current trans- 
former installed in each end of each winding; these 
transformers are mounted inside of the generator 
frame. 


EXCITATION SYSTEM 


Each main generator is provided with an individual 
three-unit motor-driven exciter set consisting of a 320- 
kw 250-volt shunt-wound separately excited d-c 
generator, a 4-kw 250/250-volt compound-wound 
sub-exciter, and a 1,200-rpm 550-volt line start 
squirrel-cage induction motor. To reduce the length 
of field leads to a minimum, as well as to allow crane 
handling, the exciter sets are located on the generator 
floor adjacent to the corresponding generators. To 
facilitate replacing a defective exciter set with a 
spare, the bottoms of the set bases are planed and are 
supported on planed H-beams set in concrete. 
With this arrangement a spare exciter unit can be 
set in place without the time delay incident to align- 
ment. Exciter sets for the 25- and 60-cycle genera- 
tors are identical. An individual voltage regulator 
operated by a torque motor in conjunction with a 
bridge type rheostat in the exciter field provides 
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high speed excitation for each main generator. 
The excitation system is designed for a rate of 
response of 200 volts per second and for a stable 
exciter voltage range from residual voltage to the 
ceiling voltage of 300 volts. 

The direct connected exciter on each of the 
station service generating units is controlled by a 
voltage regulator of the same type as those installed 
for the main units, except for the omission of the 
high speed contactors; this regulator is used in con- 
junction with a motor operated rheostat in the 
exciter field. As the two service units operate in 
parallel, cross compensation is provided. 


POWER TRANSFORMERS 


All power transformers are located on the bulk- 
head in the space corresponding to their generating 
equipment, thus reducing the low voltage bus length 
to a minimum. ‘Transfer cars and tracks are pro- 
vided on the bulkhead; by using the gantry crane, 
the transformers can be lowered to a similar trans- 
fer equipment at ground elevation (115.0) and thence 
brought into the power house where a repair pit is 
provided. A complete oil pump, filter press, and 
storage and piping system is 
provided so that the trans- 
former oil can be drained, 
filtered, or replaced conveni- 
ently. Water supply pumps 

are in duplicate, 550-volt 
power for the driving motors 
é being taken from separate 

auxiliary transformer banks. 

For delivery of 25-cycle 
power at 220 kv, three-single 
phase water-cooled transform- 
ers are used, each rated 29,250 
kva, 50 deg C rise; they are 
A-connected on the low volt- 
age side and star-connected 
on the high voltage side to 
transform from 13.2 to 218 
kv, these rated voltages being 
x based upon full rated kva at 85 

per cent power factor. Each 
transformer has two low volt- 
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age windings each of 1/, rated transformer ca- 
pacity; that is, the bank has 2 independent 
low voltage A-connected windings each of which 
is connected to an independent generator. As 
the reactance between these two A’s is high (55 
per cent based upon rated transformer kva) the 
short circuit stresses on generator windings and 
buses, generator breaker duty, etc., are reduced ma- 
terially. The high voltage windings are provided 
with full capacity taps 5 per cent above and below 
the rated voltage of 218 kv. Core and coils were 
shipped assembled (except for some of the coil end 
insulation) in nitrogen in a special shipping tank. 
The transformer tanks, which are 13 ft 23/, in. in 
diameter, were shipped in three sections. The com- 
plete transformers have a height of 25 ft 3 in. from 
rail to top of tank and an overall height of 36 ft 2 in. 
The total net weight per transformer is 415,000 lb, 
of which 152,000 lb is oil. 

Transformers used for delivery of 60-cycle power 
at 120 kv are water-cooled 3-phase units rated 46,500 
kva, 50 deg C rise, 13.2/120 kv; these rated voltages 
are based upon full rated kva at 85-per cent power 
factor. The low voltage windings are A-connected, 
and the high voltage windings star-connected; the 
high voltage windings are provided with 5-per cent 
full-capacity taps above and below 120 kv. As- 
sembled core and coils were shipped in oil in the lower 
section of the two-section tank. Transformer tanks 
are oval 9 ft 3 in. by 17 ft; the transformers have 
a height of 21 ft from rail to top of tank and an over- 
all height of 27 ft 3 in. The total net weight per 
transformer is 282,000 lb, of which 109,000 Ib is oil. 

Transformers used for delivery of 60-cycle power 
at 44 kv are water-cooled 3-phase units rated 23,250 
kva, 50 deg C rise, 13.2/44 kv. The low voltage 
windings are A-connected, and the high voltage 
windings star-connected; 46- and 48-kv full capacity 
taps are provided. The voltage ratings are based 
upon full rated kva at 85-per cent power factor. 
The general design of these transformers is similar 
to the design of the 46,500-kva 120-kv transformers 
but because of their relatively small size it was 
possible to ship them in their own tanks in oil. 

An induced voltage test of 480 kv was specified 
for the 220-kv transformers, 252 kv for the 120-kv 
transformers, and 97 kv for the 44-kv transformers. 
The impulse strength of the 220- and 120-kv trans- 
formers is guaranteed to be in excess of line insula- 
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tion, which consists of, respectively, fourteen and 
seven 10-in. insulator units, spaced 53/, in. 


CrrcuIT BREAKERS 


All circuit breakers are designed for an interrupting 
capacity in excess of estimated maximum require- 
ments. The specified interrupting capacity (OCO 
plus OCO basis) is 2,500,000 kva for the 230-kv 
breakers; 1,500,000 kva for the 138-kv breakers 
controlling the 120-kv circuits; 1,000,000 kva for 
the 46-kv breakers; 800,000 kva for the 15-kv 
generator circuit breakers for generating units Nos. 9 
and 10; and 600,000 kva for all other 15-kv station 
breakers. 

The 230- and 138-kv breakers are of the oil blast 
explosion chamber contact type and are designed 
for high speed operation, the time from energizing of 
trip coil to arc extinction being 0.133 sec (8 cycles on 
a 60-cycle basis). The one-minute voltage test 
specified on the assembled breakers was 520 and 312 
kv, respectively, for the 230- and 138-kv breakers. 
Impulse strengths of the 230- and 138-kv breakers 
are guaranteed in excess of the strength of cor- 
responding line insulation, which consists of, re- 
spectively, fourteen and seven 10-in. insulator units 
spaced 5%/, in. 

The 15-kv station breakers meet all A.I.E.E. 
insulation requirements for 25-kv rating, the one- 
minute test voltage being 58 kv and the bushing 
flashover 75 kv. Breakers are designed for high 
opening and closing speeds, the elapsed time from 
energizing of closing coil to touching of contacts 
being 0.35 sec, and the elapsed time from energizing 
of trip coil to parting of contacts being 0.08 sec. 
The average breaker speed after parting of contact 
is approximately 7 ft per second for the 2,400-amp 
breakers and 11 ft per second for the 600-amp 
breakers. 


Bus SYSTEMS 


Since the transformers are located on the bulk- 
head, as mentioned previously, the required low 
voltage bus length is reduced to a minimum. 
Except for short sections where bar copper proved 
the most economic, all 15-kv buses are of tubular 
section, 3-in. IPS (iron pipe size) and 11/2-in. TPS 
copper tubing being used for the power and auxiliary 
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buses, respectively. Bus sup- 
ports have a flashover of 80 
kv and a cantilever strength 
at the bus line in excess of 
4,300 lb. With the system 
layout used mechanical 
stresses resulting from short 
circuits are relatively low, the 
calculated maximum support 
stress (stress factor times 
electromagnetic force) being 
510 lb. The support bases 


are provided with a drip-proof ae 
feature so that when installed | 
inverted, water leakage L 
through the supporting slab l 
will not cause flashover. ; 
Bushings of rather unusual H 
design were required to take il 
the buses through the bulk ELo304 


head slab which is more than 
3 ft in thickness. 

High voltage breakers for 
the 120-kv transformers are 
located on the bulkhead adja- 
cent to the corresponding A. 
transformers, the necessary 
disconnecting switches and bus 
connections being mounted on 
steelwork supported by the 
power house structure. At 
the downstream line of the 
power house connection is 
made to the circuits of the 
Montreal Light, Heat and 
Power Consolidated. 

From the terminals of the 220-kv transformers 
connection is made to disconnecting switches sup- 
ported by steelwork on the power house, and thence 
through strain buses to a switching station on the 
downstream side of the power house; there con- 
nection is made to outgoing circuits feeding into the 
Hydro-Electric Power Commission system. 

The circuit from the 44-kv transformer passes 
through disconnecting switches supported by steel- 
work on the power house structure, thence through a 
strain bus to a switching station adjacent to the en- 
trance end of the power house. At that point a step- 
down station is located for local construction equip- 
ment and switching is provided for the outgoing 44- 
kv circuits. 

For the sake of interchangeability, the same type 
of post unit was used for all high voltage buses 
and disconnecting switches, using six units per post 
for 220-kv, three units for 120-ky, and one unit for 
44-kv equipment. 

Spillway gaps for limiting lightning surge voltages 
are installed on the bus connections to the high volt- 
age terminals of the 220- and 120-kv transformers. 
Some columns of the steelwork on the power house 
roof are extended to a height sufficient to protect the 
transformers and buses from direct lightning strokes. 
Reduced insulation is installed on a section of the 
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220-kv line together with a spillway gap on the 
transmission tower nearest the switching station. 


CONTROL SYSTEM 


Adjacent to each generator on the mezzanine 
floor (el 133.0) is installed a vertical steel switch- 
board including the necessary control and indicating 
equipment for emergency operation of the generator; 
voltage regulator and rheostats for generator voltage 
control; protective relays for the generator, step-up 
transformer, and auxiliary bus section; generator 
and transformer temperature indicating equipment; 
the necessary recording instruments for the gen- 
erator; and the supervisory relays to the master 
control boards. Adjacent to each generator on the 
main floor (el 115.0) and mounted on the base sup- 
porting the exciter set is a steel pillar containing 
the generator field circuit breaker and accessories. 

Master control equipment is located in the operat- 
ing room (el 159.0) at the entrance end of the sta- 
tion. This consists of a benchboard containing 
the necessary equipment for complete control, 
regulation, and indication of generator output, and 
a corresponding vertical control board controlling 
the auxiliary ring bus and all high voltage switching. 
The master control boards are designed so that they 


a 
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may be expanded as required to take care of addi- 
tional generating equipment up to the maximum 
possible installation of 2,000,000 hp. Both generator 
control and indicating equipment are installed on 
the sloping benchboard sections (requiring a total 
width of 8 in. per generator) thus allowing the 
operators an unobstructed view of the vertical con- 
trol boards back of the benchboards. 

Individual generator switchboards are on a 250- 
volt d-c control system; by turning a switch they 
can be cut off from the 48-volt control system and 
operated independently. All cable connections, con- 
trol motor-generator sets, and batteries are on a 
floor directly below the operating floor. This floor 
connects with the conduit tunnel running the length 
of the station. All control cable is carried in cor- 
rugated metal trays through the tunnel and thence 
through conduit embedded in the various floors to 
the required locations. 


PROTECTIVE RELAYING 


An extensive scheme of protective relaying de- 
signed to clear defective equipment in minimum 
time with the least possible interference with the 
operation of other equipment is provided. Each 
major element of station equipment is differentially 
protected and is provided with adequate back-up 
protection. To minimize the damage from a genera- 
tor winding failure, operation of the generator 
differential relays not only clears the generator and 
opens the generator field, but also operates a shut- 
down device for quick closure of the turbine gates. 
Directional reactance relays together with residual 
ground relays are used for the 220-kv line protection. 
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STATION HEATING AND VENTILATING 


The generators take cool air (125,000 cu ft per 
minute for each main unit) through pier openings 
below the generator floor and discharge the heated 
air through louvers in the generator frame into 
the power house from which the heated air escapes 
through the upper windows on both the upstream 
and downstream side of the station. To keep the 
headgates free of ice during the winter months, ducts 
are provided for diversion of heated air into the hous- 
ings over the headgate openings. Openings with 
removable covers are installed in the generator floor 
to permit any desired amount of recirculation of the 
air passing through the generators, thus allowing the 
power house to be kept as warm as desired during 
the winter months. Electric heating is provided 
for the service building. 


COMMENTS 


The main feature of the development is its sim- 
plicity resulting from a combination of favorable 
topographic factors and uniformity of stream flow. 
It is strategically located convenient to a great 
industrial area. Additional installation of station 
equipment and the corresponding additional water 
diversion can be made at relatively low cost when 
and as needed to meet industrial demands. At 
present about '/, of the mean river flow is unallo- 
cated, but prior to complete diversion there must be 
co6peration with or acquisition of the rights of the 
three low head hydroelectric plants now operat- 
ing in this, section of the river. 


LONGITUDINAL SECTION THROUGH 

Power House, SHOWING Two 

Main AND Two AUXILIARY 
GENERATING UNITS 
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Discussion 


B. L. Barns: Because of the location of this station close to a 
large city and the popular interest in such an immense and important 
section of the St. Lawrence Waterway development Mr. Lee was 
justifiably anxious that the long row of generators which will com- 
prise the generator equipment of this station eventually should not 
resemble the congregations of oil storage tanks one sees in the oil 
fields. The diameter and height of the generator frames and the 
lack of any direct-connected exciters to relieve the plainness of the 
cover might have developed inadvertently into machines of an un- 
interesting and unimpressive appearance. Therefore, Mr. Lee re- 
quested the manufacturer to give particular attention to the archi- 
tectural appearance of the external surfaces. The construction 
shown in the various illustrations in Mr. Lee’s paper was decided 
upon after the preparation of numerous drawings and sketches by 
the factory draftsmen and outside architects and artists. Finally 
a full size model in wood and sheet fiber was set up, painted, and 
photographed in the factory. The final color treatment consisted 
of a dark green on the body of the frame and aluminum on the lamp 
pedestal, cover, and stator trim. The whole gives the desired ef- 
fect of balanced proportions, size, and pleasing appearance. 

The main units are of the so-called umbrella type of construction 
having the main guide bearing and thrust bearing below the rotor, 
but unlike all or nearly all other vertical generators of this type, 
these machines are provided with additional guide bearings above 
the rotors. This upper guide bearing is arranged to lubricate itself 
in the oil well. The main guide bearing between the rotor and the 
thrust bearing also is self-lubricating, thus making it unnecessary to 
provide external means of oil circulation for the operation of the 
machines. The main guide bearings and thrust bearings are divided 
into segments suitable for shifting with light tackle into position 
for handling, with the power house cranes, through openings in the 
cover and rotating structures. 

Indicating thermometers for the bearings, flow indicators for the 
bearing cool water, and bearing oil level indicators are mounted on 
steel panels in the face of the generator piers at a convenient height 
from the floor at elevation 94.0. In recesses back of these panels 
are pipe connections for filling or draining the oil wells. The col- 
lector rings and brushes are accessible for inspection from a plat- 
form below the thrust bearing supporting bridge or bracket. This 
platform is reached by a stairway from the operating floor at eleva- 
tion 94.0. 

The hub of the rotor is keyed to the shaft with 2 Lewis keys; each 
key is made up of two tapered pieces that permit it to be readily 
loosened and removed. The hub is bored in such a manner that 
when the keys have been removed it is quite loose on the shaft and 
the whole rotor can be quickly lifted off. Conversely the rotor can 
readily be placed on the shaft. The thrust collar and shaft are 
keyed together with an annular key fitting a groove in the shaft 
so that the weight of the shaft will be supported on the thrust bearing 
if the rotor is removed. In assembling or dismantling the machine, 
the bridge or bracket with shaft, guide bearing, and thrust bearing 
‘are handled as a unit. 

J. KR. Dunbar: Perhaps the most striking innovation in this 
power house is the use of the umbrella type construction for the 
large generators in which the thrust bearing is below the generator 
rotor. 
tion has been used in Eastern Canada and only the second time it 
has been used in the Dominion of Canada. 

The earlier Canadian installation is the Ruskin development of 
the Western Power Company of Canada, Limited, a subsidiary of the 
British Columbia Electric Railway Company. The Ruskin generat- 
ing unit is a 120-rpm, 44,000-kva, 13,800-volt generator, direct 
connected to a 42,500-hp turbine. A cross section through the 
generator itself is shown in Fig. 1. It is seen that the construction 
in this case is very similar to that used for the Beauharnois genera- 
tors. In both cases there is no heavy bracket above the generator 
stator, the only structure above the generator being a light covering. 
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As far as the writer knows this is the first time this construc- 
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In the case of the 
Ruskin generators 
this cover had to 
support the stator 
of the direct con- 
nected exciter. 
The heavy brack- 
et is located be- 
low the rotor in 
each case and car- 
ties the large 
thrust bearing 
that supports the 
weight of the gen- 
erator, the turbine 
rotors, and the un- 
balanced water 
thrust. 

A view of the 
installed Ruskin 
generator shortly 
before construc- 
tion was com- 
pleted is shown in 
Fig. 2. A comparison of this installation with the installed view 
of the Beauharnois generators shows that the umbrella type of 
construction produces generators whose appearance differs con- 
siderably from the usual appearance when the thrust bearing is 
located above the rotor, but which nevertheless is quite pleasing. 

The 29,250 kva, 25-cycle transformers physically are the largest 
units in operation in Canada and undoubtedly are the largest 
that have been shipped in nitrogen. As far as the writer knows this 
is the first installation in Canada which has made use of 2 individual 
low voltage windings, to each of which is connected 1 generator. 
This construction is very common in the United States but so far 
has not yet been generally adopted in Canada. 
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Fic. 2—44,000-KvA UMBRELLA TyprE GENERATOR FOR RUSKIN 
DEVELOPMENT 


Reference might also be made to the coil end insulation which 
Mr. Lee mentions as having been shipped separately from the trans- 
formers. The portion of the insulation that was shipped separately 
formed part of the barriers between the high and low tension groups 
and also was used to support certain of the insulating structures 
that were located above the coils. 

The 46,500-kva, 60-cycle units have the highest kva rating of 
any transformers in service in the Dominion of Canada. 

J. G. Glassco: It is somewhat difficult to comment on Mr. W.S. 
Lee’s paper without a first-hand knowledge of the hydraulic and 
electrical problems involved in a development of this magnitude. 
The difficulty of determining exactly the time and operating con- 
ditions for each successive stage of development makes the policy 
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of step by step construction one of paramount importance. Any 
other method adopted with the intention of lowering the ultimate 
capital cost would be a financial speculation carrying too great a 
risk, especially in a territory where such a large percentage of the 
energy now being developed is sold in thermal competition with 
coal. 

Engineers should be interested in the simplicity of the general 
layout and the apparent lack of complicated operating arrangements 
in spite of the enormous amount of energy to be handled. Although 
unavoidable, it seems most unfortunate that our major Canadian 
hydroelectric plant should have been burdened with production at 
two different frequencies. One cannot help but contemplate the 
possibility of two great systems in Quebec and Ontario being tied 
together ultimately through frequency changers, thus permitting 
the standardization of generator frequencies. 

The superstructure of the power house is a good example of the 
tendency to use brick for the purpose of obtaining not only an eco- 
nomical building material, but one which lends itself to satisfactory 
architectural treatment and convenience in the progress schedule of 
the work. The writer is curious, however, to know what method 
was used to take care of the contraction problem at the point where 
the brick superstructure bridges over the contraction joints in the 
concrete substructure. An effort was made in a similar design of 
the Slave Falls plant in Manitoba to prevent unsightly temperature 
cracks in the brick superstructure, without the use of vertical con- 
traction joints in the brick work. While not entirely successful, 
the slight cracks that did develop are very difficult to observe. 

The addition of such a large quantity of power in Quebec and 
Ontario markets as contemplated by the ultimate development of 
2,000,000 horse power at Beauharnois is quite a strain on the im- 
agination, and particularly so, when the total cost is carried right to 
the point of the commercial and domestic customers’ meters. Un- 
less there be an industrial expansion and increase in population far 
beyond that which can reasonably be anticipated at the present 
time, there hardly seems to be justification in making any extension 
until the slack is taken up at the other plants in the two provinces 
and most of the electric boiler energy diverted back to its normal 
channel. It would be a pity if contractual obligations were carried 
out with no consideration for economic necessity resulting inevitably 
in harm to the electrical industry and serious financial loss to the 
people as a whole. It is easy to understand the natural desire to 
seek a solution in the export of power as a temporary expedient, 
but there can be little doubt that the establishment of cheap power 
for industrial use in territory adjacent to Quebee and Ontario will 
act as a serious handicap in the creation of industries in Canada. 

Claude Glidden: An important problem in the layout of such 

_a large station appears to be the elimination of vital points or bottle 
necks where trouble may cripple the whole station. In this regard 
the unit system for auxiliaries and the control seems to have been 
followed out rather than a centralized system. There are, however, 
a few points on which it would be interesting to have some further in- 
formation, such as: ¢ 

1. There appear to be only 2 pumps for supplying cooling water 
to the transformers, which would indicate that the whole station 
output is dependent on the functioning of these pumps. Are there 
any special provisions made in this regard? 

2. It is noted that the auxiliary bus runs the whole length of the 
station and that the bus work is of more or less open type construc- 
tion. A fault on this bus would appear to be quite serious. What 
precautions are taken to prevent accidental contact with this bus 
and to ensure proper relaying of any affected section? There are a 
large number of disconnects on this bus. Are interlocks provided 
to prevent paralleling 60-cycle units through disconnects on the 
transfer bus? 

3. It is noted that two generating units can be operated as a 
separate and independent station. This is with the exception of ex- 
citation which depends on service from the auxiliary bus. Could 
not a satisfactory speed of excitation be obtained with a direct con- 
nected exciter with subexciter? 
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4. Has any provision been made for the prevention and spread 
of fire and smoke in the very long rooms and galleries? 

One of the notable features appears to be the tendency toward 
outdoor equipment and the elimination of a large generator room. 
It is assumed that when future extensions are made, that the out- 
door trend may have advanced to the point where the generator room 
building may be dispensed with. 

The elimination of large power cables in the station is notable. It 
is presumed, however, that this limits the generator split phase pro- 
tection to the windings only. The use of a modified ring bus for the 
220-kv switching station, as developed for other similar stations, is 
noted. This layout appears to be giving satisfactory results at other 
stations. 

The comparatively small rupturing capacity required in the 120- 
ky oil circuit breakers clearly demonstrates an advantage of genera- 
tor, transformer, and line unit set-up. It would be interesting to 
know why a 13-kv transfer bus was adopted rather than, say, a 120- 
ky transfer bus, which would allow of overloading lines in case of 
transformer failure. 

Why was tubular copper bus used rather than, say, aluminum 
channel bus which would have permitted longer spans? No men- 
tion is made of overhead ground wires in connection with lightning 
protection of the switching stations. It is noted that the control 
cables are laid in open trays. Are these control cables lead covered 
or fabric covered? 

Are the generator neutrals grounded, and if so is there a circuit 
breaker provided in the neutral lead to disconnect the neutral in case 
of generator ground fault so as to minimize danger of burning on ac- 
count of the slow rate of decay of generator voltage. 

In the use of reactance relays was it felt that the more accurate 
settings obtainable would offset the advantages of the faster and 
simpler impedance relays? 

The use of the torque motor regulator appears to have removed a 
serious objection which there is to many regulators that are de- 
pendent on the direct current supply for their operation. 

N. E. Funk: From the standpoint of economic hydroelectric 
power production on the St. Lawrence River, it would appear that 
this project should be utilized to its complete capacity before any 
development at another location is begun. It is quite obvious that 
the development of other locations for their initial capacity requires, 
in addition to the building of power plants, the construction of 
numerous dams, dikes, tail races, and possibly canals; whereas in- 
creased capacity at the Beauharnois development may be obtained 
by extending the existing power house, dredging the existing canal, 
and excavating additional tail races. 

Let us at least be hopeful that the development of the power possi- 
bilities of the St. Lawrence River will be based on the sound eco- 
nomics of power production and not made subservient to or by- 
products of other developments that may be made to appear as 
having greater national or international political desirability. 

N. B. Higgims: The paper particularly emphasizes the unusual 
natural advantages of the Beauharnois project with respect to flow, 
topography, and geology. The uniformity of the flow of the St. 
Lawrence river probably is without parallel in any river of its size in 
the world. The topography of the canal area, and the prevalence of 
easily dredgeable marine clay, were unusually favorable for the con- 
struction of the intake canal, and are especially favorable for the 
enlargement by dredging of its cross-sectional area as the project is 
extended. Another favorable factor is the rock ledge on which the 
power house is built. 

Mr. Lee’s statement that, “‘the total (ultimate) capital investment 
will be as low as if the ultimate installation had been constructed 
in one operation,” stresses one of the most unique features of the 
project; namely, its easy adaptability to growth step by step, paral- 
lel to the increasing load. For a project of the size of Beauharnois, 
this coordination of installation cost and power demand is important. 

Considering the severe winter climate of the St. Lawrence valley, 
it is noted with interest that at the end of the 15 mile long canal the 
water reaches the power house intake without passing any provision 
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to skim ice or debris out of the canal. It would be interesting to 
know if frazil ice is regarded as a problem, and if so what provisions 
have been made to combat it. A statement of the plant experience 
in this respect during the past winter, would be most interesting. 

The designers have produced a surprisingly simple electrical lay- 
out, considering the fact that power is delivered at 2 frequencies and 
3 voltages. Economical use has been made of the group and unit 
system, and skillful advantage taken of high average river flow, 
block load conditions, interconnections, and equipment reliability 
to simplify group low tension connections and entirely eliminate 
connections between groups. It is doubtful if such simplicity could 
have been achieved with the same voltages and frequencies in a run- 
of-river plant; a tie probably would have been necessary to permit 
shifting of output from one group to the other to most efficiently 
utilize water at times of deficient flow. 

The proximity of the Montreal Light Heat and Power Company’s 
lines has reduced to a minimum the switching equipment on these 
lines at the power station; this, no doubt, has effected an appreciable 
saving in investment. A simple diagram of the station at the point 
of interconnection would be of interest. 

It is noted that while the unit scheme has been carried through to 
the excitation system, motor-driven exciters have been used instead 
of the more simple direct-connected units. It is assumed that this 
was due to the slow speed of the main units making direct-connected 
exciters large and the cost of securing satisfactory speed of response 
high. The use of a portable spare exciter set is in keeping with the 
simplicity of design followed throughout. 

The station service generating system is unique from. several 
angles. -Beauharnois, to our knowledge, is the first large generating 
station to employ 13,200 volts as an auxiliary voltage. This pro- 
vides economical distribution over the rather long distances in- 
volved, and permits direct connection to the transfer bus for emer- 
gency supply. 

The use of motor-driven exciters places a severe duty on the aux- 
iliary electrical system; this, and the size and importance of the sta- 
tion, have produced a layout of conservative and reliable design. 

In many stations, where house units are installed, advantage is 
taken of the emergency tie to pump surplus power from the station 
system into the main system. At Safe Harbor, for example, the 
second, or spare house unit was justified by its ability to ‘‘pay its 
way” by normally adding its output to that of the main system. 
Units thus operated may be separated from the essential auxiliary 
supply and yet serve as a running emergency supply. It would be of 
interest to learn whether it is the designers’ plan to operate the 
Beauharnois system in this manner. 

In a station the size of Beauharnois, physical limitations alone 
preclude the use of a central control board of full size. The de- 
signers have taken advantage of. the latest developments by the 
use of a master switchboard, supervising individual full size control 
boards. This must have resulted in a very large saving in conduit 
and wire alone. Perhaps the next step will be the elimination of the 
individual unit controls and the use of direct miniature control, the 
relays, recorders, etc., of course, remaining near the units. 

The author states that the transformer temperature indicating 
equipment, recording instruments, and certain meters are located 
at the generator local boards. Are these also supervised and trans- 
mitted to the control room, or is there an attendant present on the 
el-133 floor to read these meters? 

In regard to the auxiliary mechanical equipment, the Beauharnois 
station is interesting in that practically all of this type of equipment 
is located on an operating floor below the generator floor. This ar- 
rangement of governor actuators and accumulator tanks at this 
lower elevation, with short pressure lines from the accumulator 
tanks to the turbine gates operating cylinders, provides for quick 
response of the turbine gates to the movements of the governor 
valve, an obvious operating advantage, as well as economy in cost. 

The author states that all of the governor equipment is located 
on floor, el-94.0. Does this mean that the sump tanks are placed at 
this same elevation, and if so what provision is made for draining the 
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governor system? It would be interesting to know which type of 
fluid is used in the governor system, and the reasons for its selection. 

W.S. Lee: In our engineering experience we have found that 
simplicity of layout, coordination of effort, and 100 per cent coopera- 
tion by all interested are absolutely essential successfully to put 
through a project of the magnitude of the Beauharnois develop- 
ment with a minimum of expenditure and a maximum of benefit. 
The design was very carefully studied to permit low cost of step-by- 
step construction, and at the same time provide the requisite flexi- 
bility for changes and improvements in equipment design, and re- 
vision of future power requirements. 

Mr. Glassco regrets that this station should have been burdened 
with production at 2 different frequencies. While a single generat- 
ing frequency ordinarily would be advantageous, it imposed no 
particular handicap in this case, as, in any event, the various genera- 
tor groups could and probably would be operated independently. 
In fact, from the generation and transmission standpoint the present 
set-up of 60 cycles for the nearby industrial area and 25 cycles for the 
longer transmission of power into Ontario district is economical. 
A careful study of methods and designs was developed, whereby, if 
future conditions require, a 60- and a 25-cycle generator (each of 
full rating) driven by a single turbine can be installed in the space 
allotted to each of the present units. Not only will this serve to re- 
duce the number of spare units for both frequencies, but will permit 
of some interchange of power and regulation between the 25- and 
60-cycle power systems. 

Regarding Mr. Glassco’s question about construction of the brick 
superstructure, we considered installing hidden expansion joints in 
the brick pilasters adjacent to the substructure expansion joints, 
but after an examination of the Isle Maligne Station, which is of 
similar construction without expansion joints in the brickwork, we 
decided to omit these joints. While a few cracks have developed, 
they are scarcely visible and are minor in character. 

With reference to Mr. Gliddon’s discussion, the two cooling 
water pumps are fed from service transformers connected to inde- 
pendent sections of the auxiliary ring bus, each pump being of ample 
capacity for all the present installed transformers. . For the com- 
plete transformer installation for the first powerhouse section, 4 
pumps each fed from a different bus section, will be installed. Dif- 
ferential relaying is provided for each ring bus section and its service 
transformer bank, consequently a fault will be localized to a maxi- 
mum of two units. Disconnects are provided only for emergency 
transfer of a service transformer bank in the event of its bus section 
fault. It will be noted that the ring bus is fed at 3 points, 2 being 
from the station units and the third being from the 60-cycle power 
transfer bus. This third connection is carried by cable in conduit 
through the conduit tunnel to the extreme end of the ring bus so 
that failure of 2 ring sections will not cut off the auxiliary supply for 
a number of units. 

As a very complete relaying system was installed to insure isola- 
tion of defective equipment and as the apparatus is so widely spaced 
as to prevent spread of flames, no fire walls or baffles were considered 
necessary. Provision is made for circuit breakers in the generator 
neutrals if found desirable; the generator protective layout provides 
means, in the event of a winding failure, for isolation of the genera- 
tor and for immediate closure of the turbine gates thus bringing the 
rotor to a standstill in the minimum of time. The 13-kv power 
busses are for transfer purposes only, and are not used to parallel 
generators. The 120-kv bus layout is owned by the Montreal 
Light, Heat and Power Company and is not a part of the station. 
Ground conductors are installed over the 220-kv switching station. 
All control cables are lead covered. 

Regarding the excitation system as commented upon by both Mr. 
Gliddon and Mr. Higgins, every precaution was taken to provide 
uninterrupted power supply for the exciter sets. It was found that 
adequate response rates and stability could not be secured with di- 
rect connected exciters but could be secured with exciter sets pro- 
vided the power supply was taken from an independent and un- 
affected power source. This was accomplished by providing dupli- 
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cate station service units having direct connected exciters feeding 
into the auxiliary ring bus which, together with the connection from 
the 60-cycle power transfer bus, provides 3 dependable power 
sources for the exciter sets and for the other station auxiliaries. The 
220-kv system always will have independent power source for driving 
its generator exciters. On account of slow speed of turbines, direct 
connected exciters were more costly. 

Concerning ice conditions: the Beauharnois development after 
winter really sets in, has an ice sheet above it extending to the foot 
of the Long Sault Rapids, the nearest source of all winter frazil, 
some 40 odd miles. Lake St. Francis intervenes in this stretch as a 
storage for frazil and is of ample capacity to store the winter’s produc- 
tion of frazil from the Long Sault. The only frazil to be contended 
with at Beauharnois is that formed on the canal surface for the 
first few days preceding an ice cover and in the case of stormy weather 
accompanied by low temperatures preceding an ice cover. The 
Beauharnois plant has passed through the entire cycle of a year’s 


BEAUHARNOIS POWER DEVELOPMENT 


1067 


operation and while of course some frazil was passed, there was not 
enough of it to cause any interruption or delay. The racks, which 
are entirely submerged, the top being several feet below the surface 
of the water, are made in 2 sections, provision being made for rapid 
raising of the upper sections to pass any frazil ice that may reach the 
station. The turbine gate openings are so large that frazil ice in 
great quantities will readily pass through them. 

The bus layout is such that either of the station units can supple- 
ment the 60-cycle power delivery, but under normal conditions this 
will not be done. Generator and transformer temperature indi- 
cating equipment and certain recording and integrating instruments 
are located on the elevation-133 floor, readings being taken by a 
switchboard attendant. The necessary emergency signals for this 
equiqment are located in the main control room. 

The governor sump tanks are located in pockets in the elevation-94 
floor to provide gravity drainage. Based on our previous experience, 
oil was considered the most suitable fluid for the governor system. 
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ing station of Public Service Electric and Gas 

Company of New Jersey is of special interest 
in these days of stringent economies and efforts to 
make existing equipment go as far as possible. The 
station contained 3 12,500-kw turbine-generators 
from 10 to 16 years old with a stoker fired boiler 
plant all operating at 200 lb steam pressure with 150 
deg superheat. The fuel consumption was 22,000 
to 25,000 Btu per kwhr which is about what would be 
expected with these steam conditions and equipment 
of that period. 

The installation of a high pressure pulverized fuel 
fired boiler and an 18,000-kw high back pressure non- 
condensing turbine reduced the station heat rate to 
about 15,000 Btu per kwhr. As a consequence of 
this improved economy the Burlington generating 
station is now prime base load capacity and may be 
expected to continue in this classification for some 
years to come. 

An unfortunate accident that occurred in January 
1933 damaged the turbine beyond repair and until 
the new turbine is completed the old units are being 
supplied with steam through a reducing valve from 
the new boiler. 


r YHE recent development at Burlington generat- 


PLANS FOR DEVELOPMENT OF STATION 


The general development of the generation and 
distribution systems of Public Service Electric and 
Gas Company will require the location of additional 
generating capacity in the district served by Burlinug- 
ton generating station and tentative plans were 
formulated for the extension of this plant. The first 
step of the extension was to consist of 2 high pres- 
sure 75,000-kw turbine-generators with 4 boilers 
of such a capacity that 3 could produce sufficient 
steam to operate the 2 turbines. 

The load conditions existing at the time these 
plans were formulated indicated that the extension 
would not be necessary until some time later. How- 
ever a capacity contract for the supply of energy 
from a source outside the Public Service system was 
to expire at the end of 1931 and the provision of 
efficient capacity in the Burlington station was de- 
sirable as it would obviate the necessity of renewing 
this contract. 

Studies indicated that the efficiency of the Burling- 
ton station as a whole could be raised to a satisfactory 
value by superimposing a high pressure turbine- 
generator upon the existing 200-lb system. Sufficient 
steam for the operation of the station with such a 
high pressure unit could be supplied by one high 
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pressure boiler of the size and type contemplated 
for the future extension. If this installation were 
made the old turbine-generators would remain an 
economical part of the station after the proposed fu- 
ture extension was completed as they could be op- 
erated whenever the excess or spare boiler capacity was 
available. With modern steam generating equip- 
ment the time out for maintenance is small so that 
this excess boiler capacity would normally be avail- 
able most of the time. 

With these several factors in mind it was decided 
to install one 30,300-sq ft boiler designed for opera- 
tion with a drum pressure of 730 lb per sq in. gage 
and a total steam temperature of 850 deg F. A 
pressure higher than 730 lb per sq in. was not adopted 
for 2 main reasons. It was desired to avoid the 
added equipment and operating complications of a 
reheat cycle. Also 730 Ib was the maximum for 
riveted construction without going to special or 
expensive design as welded drum construction had 
not been approved by the code of the American 
Society of Mechanical Engineers at the time the 
boilers were under consideration. ; 

Along with this boiler a turbine-generator was 
installed of 18,000-kw capacity designed for a throttle 
pressure of 650 lb per sq in. and a total steam tem- 
perature of 875 deg F. The turbine was designed 
to exhaust at a maximum pressure of 205 lb per sq in. 
into a header system from which the old turbines are 
supplied. The boiler is capable of producing and 
the turbine can pass sufficient steam to operate the 
3 old turbines at full load. A plan of the present 
and proposed Burlington station is shown in 
1p Ca 

This program provided 18,000 kw of new capacity 
and brought the old turbines into efficient use with- 
out the expense of any boiler capacity in excess of 
that which would be required for the future 2-unit 
extension. 


' Heat Batance ARRANGEMENT 


A heat balance arrangement was devised which 
took the fullest practical advantage of the possibilities 
of the existing equipment. A diagram of the operat- 
ing heat balance is shown in Fig. 2. The proposed 
arrangement included a 3-stage regenerative feed 
heating system and an evaporator for make-up. 
The low pressure heater is supplied with steam bled — 
from the 2 newest of the old turbines. The 
pressure at the lower bleed point of the oldest of the 
3 original units does not correspond to that of 
the other 2 because of a difference in design. It 
therefore was not practical to interconnect the lower 
bleed points of all 3 units. 

The intermediate and deaerating heaters are 
supplied with steam bled into a common header from 
the upper bleed point of all 3 old turbines. The 
high pressure heater receives its steam from the ex- 
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haust of the high pressure unit. The lower bleed 
point on the old machine was used to extract steam 
for a make-up. evaporator. 

For the loads at which the station was expected to 
operate, a heat rate of about 15,000 Btu per kwhr 
delivered to the outgoing lines was expected. This 
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represents an improvement over the old station of 
32 to 40 per cent. An additional saving in operating 
labor and maintenance costs was expected as a result 
of shutting down the old boiler plant. The results 
attained in actual operation fully bear out predic- 
tions as to performance. 


BoILeR, FURNACE, AND SUPERHEATER 


A crossdrum straight tube type boiler was chosen 
as offering the least expensive design for the pressure 
decided upon. To have adopted the bent tube type 
would have meant very special design or (at that 
time) the use of forged drums. A high boiler with 
air preheater was used as giving greater simplicity 
and fewer kinds of equipment than a low boiler with 
economizer and air heater. An overall boiler 
efficiency of about 85 per cent was used as basis of 
design. 

The furnace has water walls on the 2 sides and 
rear and on the part of the front wall above the 
burners. The whole unit is steel encased and in- 
sulated with the casing so placed that all water wall 
and bottom screen downcomers and connections 
from drum to superheater headers are within the 
casing. This arrangement avoids the necessity of 
insulating all these pipes, improves the appearance 
of the unit as a whole, and makes it cleaner owing to 
the absence of a multiplicity of external pipes to 
collect dust. 

The superheater is of the multi-loop bare tube type 
and contains approximately 9,200 sq ft of effective 
surface. Various types of superheater were con- 
sidered in selecting this design and arrangement. A 
straight parallel flow design would not give the de- 
sired final steam temperature. A combination part 
parallel and part counter current design would give 
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a satisfactory superheat curve but was expensive 
and complicated in design. A straight counter 
current design was finally selected as combining 
economy of cost, simplicity of design, and satis- 
factory performance characteristics. 

Each superheater element consists of 61/, return 
bends, the upper 5!/. of which are of ordinary 
mild steel, and the lower of chrome vanadium 
steel. It might have been desirable to make a 
greater proportion of the tubes of alloy steel, but 
the maximum one piece length of. alloy tubing ob- 
tainable was only sufficient for one loop. No sat- 
isfactory method for welding 2 pieces of alloy steel 
was known, though it could satisfactorily be welded 
to the ordinary steel. Recently the alloy steel has 
been made in longer pieces and replacement ele- 
ments have a loop and a half of this material. 
However, nothing has occurred in operation that 
would indicate that the additional length of alloy 
steel was essential. 


PULVERIZED FUEL SYSTEM 


Pulverized fuel firing was selected partly because 
the designers felt that units of such size are more 
suited to pulverized fuel firing than to stokers 
and partly because of the flexibility of the pulverized 
fuel furnace in the matter of burning fuels of widely 
varying characteristics. 

The design of the pulverized fuel system combines 
as far as possible the advantages of the storage 
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system with its close control and greater flexibility 
with the compactness and straightforwardness of 
the direct system. Bins and feeders are interposed 
between the mills and burners to assure continuity 
of rating on the boiler during temporary stoppage 
of the pulverizing equipment. As will be noted 
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from inspection of the boiler room cross section, 
Fig. 3, the raw coal bunker, mills, primary air fans, 
separators, pulverized fuel bin and feeders are 
compactly arranged in a low section of the building. 
The burner pipes extend from the feeders up to 8 
30-in. horizontal burners. This arrangement as- 
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sures a maximum of light and air to the boiler firing 
aisle. 

The combustion control system is of the air actu- 
ated type and varies the rate of coal and air supply 
and draft in accordance with changes of pressure in 
the main steam header. 

The forced and induced draft fans are motor 


driven. Each fan is provided with 2 constant 
speed induction motors, one at each end of the fan 
shaft. One of the motors is of size and speed suit- 
able for operation of the fan at maximum load 
while the other smaller motor is of size and speed 
suitable for operation up to about 2/3; maximum 
load. The fans run at constant speed, and regula- 
tion of the quantity of air or gas delivered at either 
high or low speed is by manipulation of the inlet 
vanes on the fans. 

In selecting this drive system, 5 arrangements 
were considered: 
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Two constant speed motors with vane control. 

Two constant speed motors with damper control. 

One 2-winding constant speed motor with vane control. 
One 2-winding constant speed motor with damper control. 
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Two variable speed motors. 


The arrangement with 2 constant speed motors 
and vane control was found to be the most economi- 
cal. This system is also relatively simple and pro- 
vides 2 motors, either one of which may be 
operated in case of trouble with the other. 

The forced draft fans deliver air through a plate 
type air preheater to the burners, mills, and feeders. 
At 525,000 Ib per hr actual evaporation the air is 
preheated to a temperature of 498 deg F and the ~ 
flue gas temperature is thereby reduced to 456 deg F. 


STEAM CONNECTIONS 


The high pressure turbine is a single-cylinder non- 
condensing straight-reaction unit designed for a 
throttle pressure of 650 lb per sq in. gage and a total 
steam temperature up to 875 deg F. In view of the 
fact that only one high pressure steam generating 
unit was to be installed it was necessary to design 
the steam system so that the 3 existing turbines 
could be operated on the old boilers in case the 
high pressure boiler should be out of service. Some 
consideration was given a scheme of carrying a 
constant back pressure on the new high pressure 
turbine so that no changes would have to be made 
to the old low pressure units. This was discarded 
in favor of a varying back pressure because of better 
overall economy. The only change to the 3 old 
turbines was the substitution of new nozzles for the 
inlet steam and increased clearances. 

Under normal operation the high pressure unit 
and the 3 low pressure units run as a compound 
turbine, control being entirely by the high pressure 
turbine governor. The generators of the 4 
elements are tied together electrically and the 
governors on the 3 low pressure units are wide 
open. With this arrangement the exhaust pressure 
from the high pressure unit and consequently the in- 
ist a to low pressure machines varies with the 
oad. 

The auxiliaries in the old station were mainly steam 
driven and the question arose as to the economical 
disposition of the exhaust from these auxiliaries with 
the regenerative cycle proposed for the new installa- 
tion. Studies made to determine the economic value 
of substituting motor drives for the existing steam 
drives indicated a fuel saving sufficient to make such 
a change profitable and most of the station auxili- 
aries, therefore, were motorized. 

The governing system and valve arrangements 
are such that anything but an extraordinary dis- 
turbance of the system is taken care of automatically. 
If one of the generators should be disconnected from 
the load all the steam from the high pressure unit 
would tend to pass through the remaining 2 low 
pressure turbines. These 2 generators would as a 
consequence advance in phase and momentarily 
take an overload. At the same time the pressure 
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at the high pressure turbine exhaust would rise 
sharply. This unit is provided with a device to limit 
the exhaust pressure to 205 lb. The rise in exhaust 
pressure would cause this device to function and re- 
duce the flow of steam to the high pressure unit, 
thus restoring the system to equilibrium. 

A by-pass with automatic reducing valve and de- 
superheater is provided between the high and low 
pressure steam headers. If the high pressure unit 
should trip out, steam automatically would be 
passed to the low pressure header through this by- 
pass and operation of the low pressure unit would not 
be disturbed. This also permits the old units to be 
operated on steam from the new boiler during periods 
when the high pressure turbine is out of service, thus 
- allowing advantage to be taken of the higher effi- 
ciency of the new boiler. 


ELECTRICAL CONNECTIONS 


The station is connected to the Public Service 
Electric and Gas Company’s transmission system at 
both Camden and Trenton, as indicated on the 
diagram of Fig. 4. It also is connected at both 
these points to the Philadelphia Electric Company’s 
system. 

The addition of 22,500 kva to the station capacity 
and the changes made in circuits connecting the sta- 
tion to the Public Service system, brought about a 
condition for which the rupturing capacity of all 
main circuit breakers was inadequate. In order 
to avoid complete replacement of these circuit break- 
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ers with building changes which would be difficult to 
make, steps were taken to increase the rupturing 
capacity of the existing equipment. This increase 
was accomplished by changing the system of con- 
nections, introducing reactors, and making certain 
changes to the breakers themselves. 
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With these changes, it was necessary to purchase 
new breakers only for connections to the new main or 
synchronizing bus. These circuit breakers are of 
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1,000,000-kva rupturing capacity. All 26,000-volt 
breakers were equipped with deion grids which 
appreciably increase their rupturing capacity. The 
physical arrangement of the indoor switching equip- 
ment with the new breakers and new bus on the first 
2 floors is shown in Fig. 5. 

With the new system of connections, each genera- 
tor is connected to the 26,000-volt bus through its 
own transformer or group of transformers, but, in 
addition, the generators are paralleled on the 13,000- 
volt side through the synchronizing bus, and nor- 
mally remain connected toit. This arrangement per- 
mits the 26,000-volt bus to be sectionalized as de- 
sired. Normally the Camden section of the system 
is connected to one bus section and the Trenton to 
the other. This ties the 2 sections together 
through 2 transformer groups in series, permitting 
the shifting of transformers between the Trenton 
and Camden bus sections as desired. The outdoor 
switching station is shown in Fig. 6. 

The station auxiliaries are supplied from a 13,200- 
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volt auxiliary bus. This bus is fed through 2 
connections to the main or synchronizing bus and one 
connection to the 26,000-volt outdoor bus. This 
permits operation of the auxiliary bus from the 
26,000-volt system even though the turbines in the 
station should be shut down, and allows sectionaliz- 
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ing of the auxiliary bus as desired. The spare trans- 
former between the main and 26,000-volt buses also 
may be used for the auxiliary bus supply, thus avoid- 
ing the necessity of a separate transformer for 
auxiliary supply from the 26,000-volt system. 

Two station service feeders are provided, one for 
the auxiliaries in the old station provided with a 
13,200/440-volt transformer bank and the other 
for the new boiler plant substation provided with a 
13,200/2,300-volt transformer bank. The substa- 
tion for the supply of power to the new boiler plant 
is located beneath the latter and is designed to 
provide for extension to take care of additions as 
they are made. This location is close to the load 
center and permits a simple and direct arrangement 
of feeders to the various motors. 

Excitation of the old units was by separate turbine- 
driven 125-volt generators. The elimination of 
steam auxiliaries previously discussed included these 
exciters and they were replaced with new shaft-end 
generators on the main generators. An emergency 
exciter bus is energized from a motor driven genera- 
tor. The new unit is provided with a 250-volt shaft- 
end exciter and a motor-driven emergency exciter 
which will be connected to the emergency exciter bus 
of the future extensions. 


WELDED PirE Joints USED 


One of the interesting features of this installation 
is the fact that, as far as was practical, pipe joints 
were welded. Flanged joints were used only for 
connections to large valves and where joints must be 
broken frequently. 

This is the first high pressure power plant in which 
welding for pipe joints was used throughout to such 
a large extent. As many welded sections as possible 
were made in the fabricator’s shop, by the electric 
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arc weld process using coated rod. The extent to 
which shop welding could be used was of course 
limited by the size of pipe sections that could be 
shipped to the job. Field welds were made by the 
oxyacetylene process and all high pressure pipe welds 
were locally annealed after completion. The valves 
in the larger lines were flanged but many smaller 
valves were welded directly to the pipe. 

The annealing of the large pipe welds presented 
a problem for which no equipment was available. 
A portable box was made up of steel plate lined with 
asbestos which could be placed over the joint. With 
the box in place the joint was heated to the desired 
temperature with oil torches after which the box was 
packed tight with asbestos and the pipe permitted 
to cool. All field welds were tested after comple- 
tion by applying hydrostatic pressure of 1,500 lb 
per sq in., and hammering with a heavy sledge. 
No failure of welds has been experienced to date. 


Oi BURNER SYSTEM ADDED 


Shortly after the new installation was put in serv- 
ice the price of fuel oil receded to a low level. 
Studies indicated that its use in place of coal would 
result in a material saving in operating cost even 
after deducting fixed charges which included a high 
amortization on the installation cost of the necessary 
oil equipment. 

A fuel oil storage, handling, and burning system 
was installed comprising a 20,000-bbl tank, an un- 
loading wharf at the river, and the necessary pump- 
ing, heating, and burning equipment. Oil burners 
are inserted through the center of the pulverized 
coal burners and their installation required prac- 
tically no changes in the original equipment. A 
change from oil to coal or vice versa may be made in 
a few minutes and without interruption to boiler 
operation. 


OPERATION 


The boiler and turbine were put in service Febru- 
ary 17, 1932. Outages due to boiler trouble up to 
December 24, 1932, totaled 917 hr representing 
total availability for the boiler of about 88 per cent. 
Outages due to turbine trouble some of which were 
coincident with boiler outages totaled, up to De- 
cember 15, 1932, about 1281 hr, giving a total 
availability of about 82 per cent. None of the 
outages can definitely be attributed to the pressure 
and temperature or to the system. They were for 
the most part of the character usually encountered 
during the early operating period of new equipment. 

Of the 10 turbine outages 5 were for inspection 
or adjustment, 3 were for changes to bearings, 
1 was to determine the cause of a trip-out and 1 
was to increase shroud clearance. On December 
15th the turbine was shut down to permit installing 
new end tightening on the shroud bands and a new 
design of high pressure dummy packing. At the 
same time some changes were made in the admission 


valve flanges and bolting to improve the expansion 
stress distribution. 


December 1933 


The turbine was returned to service early in Janu- 
ary, 1933, but a few days later was wrecked due to 
some internal failure the exact nature of which has 
not been determined. The vibration accompanying 
the turbine trouble caused the breakage of one of 
the oil lines to the valve operating gear on top of the 
turbine. The leaking oil caught fire resulting in a 
quite serious but localized conflagration. The re- 
sulting damage was confined to the turbine and 
objects near by. Neither the generator of the new 
unit nor any of the other units in the station was 
damaged other than by smoke. The station is now 
operating on steam from the new boiler through a 
reducing valve and desuperheater. 

Operation of the plant aside from the accident to 
the turbine has been satisfactory. There has been 
some corrosion in the superheater tubes, and a few 
superheater tube leaks have occurred due to in- 
complete welding of return bends. 

The turbine was opened up for inspection early in 
August, 1932, and a heavy gray deposit was found 
on the blades from the 12th row down to the exhaust, 
increasing in quantity toward the exhaust end with 
the last 2 rows comparatively free. This de- 
posit, of course, is carried over from the boiler and 
through the superheater and consists of the materials 
used for treatment of the boiler feed water. Elimi- 
nation of this fouling on turbine blading is one of the 
problems that must be solved in connection with high 
pressure and temperature installations. At Burling- 
ton the deposited material is very soluble and easily 
removed by washing with water. However, the 
turbine must be cooled down considerably before 
water can be introduced and considerable operating 
time must be sacrificed. 

The station has carried a maximum load of about 
53,000 kw with a total steam generation of 625,000 
Ib per hr, and when fouling of the turbine can be 
overcome a load at or near this value can be carried 
continuously with oi! fuel. With coal firing the 
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maximum Icad carried was 51,500 kw with a total 
steam generation of 550,000 lb per hr. The higher 
water rate with oil firing is due to a combination 
of the following circumstances: (1) higher tempera- 
ture circulating water at the time the above record 
was made; (2) fouling of turbine blades as previously 
described herein; (3) some steam leakages that de- 
veloped within the turbine. The boiler operated 
continuously from August 13 to December 24, 1932, 
and during this period produced 1,373 million Ib of 
steam. This is an average of about 429,000 Ib 
per hr. 


Discussion 


T. E. Purcell: The physical arrangement of the plant presents 
some ideas that have not been commonly used heretofore. The 
arrangement of the raw coal bunker and coal preparation plant at a 
low elevation at one side of the boiler room is good. It is not 
possible, however, to determine from the written matter or from 
the cross-section of the boiler house, the reason for locating the boiler 
room substation underneath the boiler. Placing this substation in 
some other location, lowering the boiler, and reducing the height of 
the building would, it seems, save considerable of the cost. 

It is explained that a cross drum type boiler was chosen due to 
pressure limitations on the vertical type at the time the boiler was 
purchased. An air heater without economizer is used for reduction 
of stack temperature. It would be interesting to know if this de- 
sign still would be economical today in comparison with a vertical 
type boiler with both economizer and air preheater. 

The location of water wall and water screen downcomers within 
the boiler casing is an excellent idea, and should improve the appear- 
ance of the boiler room considerably, together with reduction of 
initial cost and elimination of the cost of cleaning and maintaining 
the insulation on these pipes. 

It is stated in the paper that the steam auxiliaries in the old plant 
were changed to electric drive as a result of an economic study of the 
situation. It would be interesting to know the valuation of 
the various factors entering into this study, especially in view of the 
difference of opinion among designers concerning the choice of 
auxiliary drive. 


Obtaining Comfort Conditions by Controlled 
Radiation From Electrically Heated Walls 


BY L. W. SCHAD* 


Associate, A.I.E.E. 


Synopsis.—At sedentary occupations under normal indoor winter 
conditions the human body loses heat at the rate of 400 Btu per hour, 
of which approximately 46 per cent is radiated, 30 per cent 4S Con- 
vected, and 24 per cent is lost by the evaporation of moisture from 
skin and lungs. The skin and clothing surface temperatures average 
about 80 deg F. With solid surroundings at 80 deg F, therefore, no 
heat would be lost by radiation. Any intermediate temperature between 


of the Westinghouse research laboratories, 

East Pittsburgh, Pa., suggested the possi- 
bility of using electrically heated wall and ceiling 
areas for creating winter comfort indoors. Based 
upon his observation of the importance of radiant 
energy on the human body’s sensation of warmth 
in such instances as sunshine through clear, cold 
mountainous air, or the flash of radiant energy 
through a train window from a pile of burning 
ties, he conceived the idea of making radiation 
a more important factor in producing comfort con- 
ditions. Reducing the idea to practice in occupied 
space involves the use of large surfaces at relatively 
low temperatures such as 80 to 120 deg F. 

At the research laboratories of the American Soci- 
ety of Heating and Ventilating Engineers it has been 
found that the average person engaged in ordinary 
sedentary occupation loses heat at the rate of ap- 
proximately 400 Btu per hour.! This heat is dissi- 
pated by radiation, convection, and moisture evapo- 
ration from skin and lungs. Mr. L. B. Aldrich? has 
found that in ordinary winter conditions indoors 
46 per cent of the body’s total waste heat is radiated, 
30 per cent is convected, and 24 per cent disappears 
as latent heat of vaporization. 

The body’s internal temperature is normally 99 
deg F, but the temperature of the outside surfaces 
of both exposed skin and clothing from which radia- 
tion and convection take place is about 80 deg F 
with variations above and below according to sur- 
rounding conditions and clothing worn. 

If the walls, ceiling, and floor of a room were at 
a temperature of 80 deg F, no heat would be lost by 
radiation from a person within the room. However, 
health and comfort demand that the heat generated 
by the ordinary processes of life, which is more or 
less constant under given conditions, be dissipated; 
hence, if radiation be prevented, convection or mois- 
ture evaporation, or both, must be increased. 

It is possible to heat certain portions of solid en- 
closures so as to obtain partial or entire nullification 
of body radiation. Under such conditions the room 
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the normally prevailing inside wall temperature and 80 deg F would 
mean a corresponding modification in the amount of heat radiated. 
Compensation for this decrease in radiated heat may be effected by 
lowering the air temperature. The effect on human comfort of thus 
controlling the amount of heat radiated from the body is discussed in 
this paper. The possibility of using electric energy for this applica- 
tion, together with equipment and operating costs, also 1s discussed. 


air temperature should be lowered to restore the 
balance between heat generated in the body and its 
dissipation. 


TEST EQUIPMENT 


Many combinations of warmed enclosures with 
varied air temperatures have been investigated in a 
room (see Fig. 1) especially designed for studying 
air conditioning problems at the plant of the Westing- 
house Electric and Manufacturing Company, East 
Pittsburgh, Pa. This room, with internal dimen- 
sions of 12x16x8.8 ft, is built within one of the 
standard research laboratories rooms so that there is 
a space between the walls and ceilings of the 2 
rooms from 18 to 24 in. in width. This permits a 
temperature variation in the air surrounding the 
experimental room as well as ease in making various 
adjustments in power supply, air flow, etc. Figure 
2 shows the heating units used in the wall and ceiling 
construction; each unit is 4 ft long and 11/, ft wide, 
and was designed for 250 watts at 110 volts. The 
base of the unit is a standard insulating lath having 
a thermal conductivity of 0.39 Btu per hour per 
square foot with a gradient of 1 deg F per inch of 
thickness. After these units were nailed to the joist 
and studding, a finish coat of plaster was applied 
producing a smooth inside surface to which several 
coats of enamel were applied to prevent air from pass- 
ing through the walls. All joints and floor cracks 
were sealed carefully with linoleum cement so that 
the air supply to and from the room could be ac- 
curately controlled and measured. 

Air was drawn from outdoors through a duct 
above the ceiling and distributed in the room by 
means of the center ceiling duct shown in Fig. 1. 
This duct, running along the entire length of the 
ceiling halfway between the sides of the room, de- 
livered cold air laterally, that is, parallel with the 
ceiling so that the overall effect was a complete dif- 
fusion of the incoming air with the air in the room. 
Exit ducts were placed in the walls near the floor. 
The air flow was measured carefully both at en- 
trance and exit by means of nozzle and orifice meters, 
with an inclined draft gage used to indicate equal 
pressures between inside and outside atmosphere. 
A centrifugal blower with speed control operating 
in the entrance duct and a suction fan in the exit 
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Fic. 1—OneE SME OF THE EXPERIMENTAL ROOM IN WHICH THE 
TESTS WERE MADE 


duct were so operated as to eliminate pressure dif- 
ferences between the inside and outside atmosphere, 
thus eliminating as far as possible any air leaks. 

Copper-“‘advance”’ thermocouples with the warm 
junction soldered to a patch of copper screen just 
under the finish coat of plaster were led out along 
isothermal surfaces to the edges of each heating unit 
and then back through the wall to a multiple switch 
and potentiometer. Surface temperatures thus were 
accurately determined. Air temperatures were de- 
termined in the ducts as well as in various parts of 
- the room with No. 36 B&S gage copper-‘‘advance”’ 
couples. Mercury thermometers also were used, 
mainly to see how far their indications deviated from 
true air temperatures under various conditions of 
warm walls.and cool air. 


TEST PROCEDURE 


Preliminary work showed quite definitely that 
not only can comfort conditions be obtained with 
80-deg walls and 60-deg air, but also that such 
environment is highly invigorating. The cool air 
is quite acceptable when one at the same time feels 
entirely comfortable. However, to maintain the air 
at 60 deg within 80-deg walls, it was necessary to 
introduce fresh cold air into the room at a rate of 
from 6 to 10 changes per hour, depending upon the 
temperature of the air fed into the room. It be- 
comes apparent at once, therefore, that heating 
enclosing surfaces of ordinary living rooms to 80 
deg F uniformly is out of the question. Since nor- 
mal infiltration changes the air in a house from 1 to 
3 times per hour, it was decided to limit these 
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Fic. 2—Two oF THE ELECTRICALLY HEATED PANELS, THE UPPER. 
OnE BEFORE AND THE LOWER ONE AFTER IMBEDDING THE RESIS- 
TANCE WIRES IN PLASTER 


studies to such an air flow with but portions of the 
enclosing surfaces heated. 

Altogether 104 units were used in the walls and 
ceiling connected 2 in series across the power sup- 
ply lines through an “‘on”’ and “‘off”’ switch for each 
pair. Power was controlled with a voltage regu- 
lator. Thus the position and extent of the heated 
wall or ceiling area, as well as its temperature, could 
be varied at will. A master switch in series with an 
adjustable thermostat and wall meter mounted inside 
the room completed the electrical equipment. 

A single observation required about 60 individual 
readings for a complete picture of the effect of any 
1 set of conditions. The aim, of course, was to. 
examine a sufficient number of conditions to predict 
comfort and power requirements for any conditions 
where low temperature radiant heat is to be used. 
In Table I the data of 10 typical observations are 
summarized. 


DISCUSSION OF RESULTS 


For purposes of estimating power requirements. 
in any applications using this type of heat and also. 
for the purpose of having a check on air flow and 
power input, it was thought desirable to account for- 
all the power used. Items 18 and 19 of Table I 
show how closely this was done. The thermal con- 
ductivity of the walls was tested accurately so that 
the dissipation through the walls could be determined 
fairly accurately with a sufficient number of in- 
side and outside temperatures. Failure to obtain 
enough outside temperatures for observations 1 and 
4 resulted in the loss of this estimation. Another 
source of inaccuracy in this regard was the inability 
to obtain an accurate average entrance air tempera~ 
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ture. Some of the heat within the test room passing 
through the ceiling served to supply part of the pre- 
liminary temperature rise of duct air while the rest 
was drawn from the space and building around the 
room. 

It is a difficult matter to predict accurately the 
effects of temperature, position, and orientation of 
the heated panels on an occupant of the room, even 
though he might stand erect in the center of the 
room. The radiant flux to a person in the panel 
heated room is, of course, a function of: the solid 
angle, temperature, and orientation of the heat 
source; and the outside area, temperature, and posi- 
tion of the recipient. It would not be a simple 
matter to compute accurately the integrated solid 
angle of all room surfaces integrated in turn over the 
person of the occupant with due regard for orienta- 
tion of both person and walls. A rough measure of 
comfort, however, has been computed; this has been 
added as item 26 at the bottom of Table I under the 
caption “comfort index.” 

To obtain a value of the comfort index for each 
set of conditions a cylinder was postulated in the 
center of the room having radiating and convecting 
surfaces approximating those of the average man 
with the same general shape and size as regards 
volume. It was assumed for instance that there were 
20 sq ft of convecting surface and 16 sq ft of radiat- 
ing surface with an emissivity of 0.9 for the tempera- 
tures under consideration. 

The equation for convection from such a vertical 
cylinder was taken as H = 0.85 61-"> where H is 
expressed in Btu per hour per square foot of surface 
and @ is surface temperature rise in degrees F. 
Figure 4 shows the loss based on this equation in 
Btu per hour from a vertical cylinder with a uniform 
surface temperature of 80 deg F to air at tempera- 
tures under 80 deg F. Figure 3 shows the radiant 
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interchange of heat between the assumed cylinder 
and its solid surroundings in Btu per hour. 

After these curves were drawn they were checked 
by applying standard conditions, that is, the body 
heat loss with air at 70 deg F and walls at 68 deg 
F was found by the use of these curves to be 300 Btu 
per hour, which is approximately correct according 
to the previously cited work done at the American 
Society of Heating & Ventilating Engineers research 
laboratory. The negative sign before the comfort 
index (item 26) in Table I indicates a loss by radia- 
tion and convection from the cylinder of the specified 
number of Btu per hour for each case. Thus —300 
Btu per hour would indicate comfort while —447 
would indicate a chilly condition and —64 a much 
too warm condition. No great accuracy is claimed 
for this system, but it is presented as the best avail- 
able at this time. It must be borne in mind that if 
this cylinder should wander over toward one of the 
heated wall panels, thus subtending a greater solid 
angle of warmth, these comfort indices would not 
apply as accurately as if it stayed in the center of 
the room. 

The curves developed, as a result of the work de- 
scribed here, were tested by applying some recent 
results obtained at the research laboratory of the 
A.S.H.V.E.’ Three walls of a 5x6x6-ft room there 
were cooled while the air temperature was raised 
until comfort was obtained. One point of the 
A.S.H.V.E. comfort curve gave the temperature of 
3 walls at 45 deg F with air at 78.9 deg F. The 
comfort index computed by the method here de- 
veloped for such a condition is —284. If the floor, 
ceiling, and fourth side wall had been assumed at a 
temperature slightly lower than that of the air, the 
index would have approached very nearly the ideal 
of —300. Since the room was so small it was more 
easily possible to take into account the solid angle 
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Dimensions of room, 12x16x8.8 ft. 


Inside areas in sq ft: ceiling, 192; floor, 192; side walls, 494; total, 878. Space, 1,690 cu ft. 
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and orientation of surfaces, which also raised the 
computed radiation losses. It is believed, therefore, 
that the method developed for predicting comfort 
conditions in radiant heated spaces is satisfactory 
for all practical purposes. 

The method of using these curves is simple enough 
as is illustrated in the following example: 


Let area of total enclosure surfaces be 878 sq ft. Assume: 
96 sq ft of ceiling at 107° F 
96 sq ft of ceiling at 66°F 
84 sq ft of walls at 101° F 
410 sq ft of walls at 67°F 
192 sq ft of floor at 69°F 
Air temperature...... G/.0a sk 
From the radiation and convection curves we have: 
Radiation 
96 sq ft at 107° = +460 X 96 = +44,100 
96 sq ft at 66° = —202 X 96 = —21,000 
84 sq ft at 101° = +3851 X 84 = +29,500 
410 sq ft at 67° = —195 X 410 = —80,000 
192 sq ft at $9° = —165 X 192 = —31,500 
878 = —58,900 
eed Alta ee 
and the average is sear ore ae 67 
Convection for air at 67.5 = —160 


Total dissipation = —227. ' 
Data for these figures were taken from observation No. 10. 


One of the outstanding features of this heating 
method as observed in the experimental work de- 
scribed here is the remarkable uniformity of air tem- 
perature throughout the entire room. The fine-wire 
thermocouple used to explore various parts of the 
room indicated air temperatures not differing more 
than a degree from each other. As an example, 
details of observation No. 6 show temperatures in 
degrees F as follows: 


AVERAGE MAN 


AIR TEMP. IN DEG FAHR. 


6 in. below ceiling center of room.................. 
Breathing lines. eee tee ee 

6in; above flooriea.c actus oe cies ee 
Kront left commer 14umvabove looker si eee eee 
At breathing line for one seated back of desk.......... 
Right side near bookcase thermometer........... 
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The floor was covered with a chenille carpet the 
temperature of which, after equilibrium conditions. 
were established, was from 2 to 3 degrees higher 
than that of the air. 

From an examination of Table I it is apparent 
that conditions represented by observations 1 and 5. 
come nearer to fulfilling comfort requirements than 
any of the others, their comfort indices being re- 
spectively, —353 and —285; however, No. 1 is too. 
cool, and No. 5 is too warm. For No. 5 the air 
temperature is 7 deg F lower than the average en- 
closure temperature. It may be pointed out also. 
that by raising the average enclosure temperature 
some 5 deg above that usually prevailing for ordi- 
nary heating methods, the air temperature is lowered 
4 deg in this particular instance and should have 
been lowered another degree for ideal conditions. 

In general, no effort was made to find the optimum 
conditions for the greatest number of people, but 
comfort always was aimed at and with 2 excep- 
tions (observations 3 and 8) the room was not ex- 
tremely uncomfortable for any of the conditions re- 
corded in the Table I. 

The method of using rather extensive areas at 
moderately low temperatures has been given more 
study in Great Britain than in this country. Several 
references relative to this so-called panel heating 
are included in the bibliography (references 4 to 
15, inclusive). 

Humidity was neglected in this work because its 
effect on human comfort at a dry bulb temperature 
of less than 70 deg F is not so important as it is at 
higher temperatures. (See American Society of 
Heating & Ventilating Guide for 1931, p. 409, for 
curve of heat and moisture losses as functions of the 
dry bulb temperature.) In fact one of the advan- 
tages of cool air and warm walls is that not only is 
the relative humidity naturally higher, but its effect 
as a comfort factor is much less important than it is 
for warmer air. 
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Electric house heating is attractive because it is 
clean, easily controlled, and requires no labor for 
operation. It is expensive at present power rates 
and method of application, but this low temperature 
radiant heating suggests a possibility of lowering 
costs. The normal power requirements for straight 
electric resistance heating is 1.2 to 1.5 kwhr per cu 
ft of space heated per heating season of 212 days 
(Oct. 1 to May 1) based upon: 40 deg F average 
outdoor temperature; infiltration of one change per 
hour; and ordinary brick veneer wood frame, lath, 
and plaster construction. This figure no doubt 
could be reduced by insulation, and by close night 
and day regulation with lower temperatures at 
night. Panel heating offers some additional saving 
in straight resistance heating because it is unneces- 
sary to warm the air quite as much where radiation 
plays a greater part. But this low temperature wall 
heat will make a tremendous difference if reversed 
refrigeration becomes generally used. By pumping 
heat from the outside to a moderate temperature of 
say 80 deg F, the coefficient of performance of the 
heat pump is much higher than if this heat were to 
be pumped in at a temperature of 180 deg F. In 
fact with one-cent power and reversed refrigeration 
operating between 40 and 80 deg F, the actual operat- 
ing costs become competitive with coal. 

Even with present power rates electric wall heat- 
ing should be applicable to warmer climates where 
the necessity for heat occurs only an hour or so in the 
mornings and evenings during the winter season. 
The type of wall units described here can be made 
quite inexpensive so that the cost of equipping an 
entire house would be but little more than the cost 
of ordinary lath and plaster. 


SUMMARY AND CONCLUSIONS 


Briefly summarized, the important findings of this 
investigation and conclusions reached are as follows: 


1. The results of observations on space heating with rather exten- 
sive surfaces at moderately low temperatures have been worked 
into a practical method of predicting comfort with various com- 
binations of wall and air temperatures. 


2. The air temperature may average from 2 to 8 deg lower than 
the average enclosure temperature, which results in a saving of heat. 


3. Most of the radiating surfaces were put in the ceiling; this 
seems to be desirable to cut down heat losses, and is not objectionable 
from the standpoint of comfort. It no doubt would be desirable 
to put warm panels in selected places in the side walls, as, for in- 
stance, under windows to prevent downward air currents and 
Sere to some extent the body’s radiation to the cold window 
surfaces. 


4. A remarkably uniform temperature was found to prevail within 
the room as a result of the heating method here presented. 


5. The low temperature radiant heating method in combination 
with reversed refrigeration would lower the operating costs of elec- 
tric heating to a point where it might be competitive with heating 
by gas and oils or even coal. 


6. Power consumption varied from 5.3 to 16.1 watts per sq ft. 
’ It is possible that a 2-range provision might be made with a 
density of 50 watts per sq ft for accelerated effects on a cold morning 
for a few minutes after the power is turned on, and !/, of that density 
for steady application. Where 1 sq ft of heated area is used for 
each 10 cu ft of space heated, 12'/, watts per sq ft should be ample 
for quite severe weather. Modifications in outdoor temperature 
could be taken care of with a thermostat set to throw the power 
on or off according to requirements. 
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Discussion 


R. E. Hellmund: In view of the fact.that an appreciable per- 
centage of air-conditioning and comfort-creating equipment will be 
operated by electrical means, a great many electrical engineers will 
be brought into contact with this work. This applies to design, ap- 
plication, and utility operating engineers. Unquestionably these 
engineers will find it easiest to understand the fundamentals entering 
into human comfort by considering the analogy between the human 
machine and the electrical machine as well as certain differences that 
exist between the two. 

Electrical apparatus, under given loads, usually has certain losses 
which appear as heat and which have to be dissipated through radia- 
tion and convection. In order to make dissipation of this heat 
possible by these two phenomena, the electrical machine temperature 
adjusts itself to certain differences between the temperature of its 
surface and that of the surrounding air and objects. The human 
machine, like the electrical machine, also has certain losses appearing 
as heat which have to be dissipated. These losses, as in the elec- 
trical machine, depend to some extent upon the load to be carried; 
in sedentary occupations they are in the neighborhood of 117 watts. 
The human mechanism apparently regulates these losses in such a 
way that they are fairly constant over a certain range of surrounding 
conditions. In addition, the body seems to be able to vary these 
losses under surrounding conditions of either extreme, but when this 
is necessary it is usually outside of the range of comfort and therefore 
this factor can be neglected whenever artificial means are applied 
to create comfort. Therefore, the principal difference to be con- 
sidered between the electrical and the human machine‘is that the 
human organism under normal conditions maintains a more or less 
constant temperature regardless of surroundings. The necessary 
equilibrium nevertheless can be maintained because the human body 
loses heat not only by radiation and convection but also by evapora- 
tion (both through the breathing organism and through perspiration 
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of the outer skin); the nearest analogy to this in the electrical field 
is a liquid rheostat operated at the boiling point of the liquid. 

This point is illustrated further in Fig. 1. In Fig. 14, assuming 
normal conditions in a heated room during a cold day, it is assumed 
further that there is a definite difference in the temperature of 
the clothing worn and that of the surrounding walls. Under these 
assumptions, the loss by radiation (represented by line I) is of course 
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constant regardless of the air temperature. The loss by convec- 
tion is zero with the air temperature equal to that of the clothing 
and it increases with the increasing difference between the air and 
the clothing temperature. In other words, the loss by radiation 
and convection can be illustrated by curve II. It follows then that 
the difference between this curve and curve III, representing the 
total loss, must be dissipated through evaporation, and under the 
assumed conditions the greatest comfort is obtained with a loss 
through evaporation as indicated by the line CD, at a temperature 
of about 75 degrees and with a relative air humidity of about 50 
per cent. 

In Fig. 1B, it has been assumed that the difference between the 
temperature of the wall and that of the clothing is appreciably smaller 
than in the previous case, a condition that may be obtained during 
a somewhat warmer day in winter or by means of artificially heating 
the walls during colder days. It is at once evident that with the 
same humidity and the same amount of loss through evaporation 
(CD), comfort will be possible with a much lower air temperature, 

. probably in the neighborhood of 66 degrees. The loss by convec- 
tion may be increased by increased air velocity across the person, 
such as might be caused by a draft in winter time, a condition that is 
illustrated in Fig. 1C. With a loss by radiation the same as in Fig. 
1A, the convection curve is much steeper than in that figure. Natur- 
ally, the loss by evaporation also increases with the air velocity 
and therefore CD is assumed somewhat larger. Fig. 1C shows that 
on a cold winter day, with cold outside walls and certain drafts, an 
air temperature of above 80 degrees will be required to obtain the 
same comfort as with the previous figures. On the other hand, Fig. 
1D assumes the same radiation loss as B but increased air velocity, 
and indicates comfort with a temperature around 75 degrees. As 
already indicated, the relative humidity has been assumed constant 
around the average value. However, even if the humidity should 
be lower, as is frequently the case in winter, this simply means that 
the loss by evaporation will slightly increase, which for equal comfort 
means that the loss by convection should decrease. This makes it 
necessary to maintain a somewhat higher air temperature, which as a 
rule can be done very readily. 

In summer time, the various factors previously mentioned are of 
equal importance, except that comfort is influenced largely by the 
fact that humidity tends to be high rather than low as in winter. 
For the purpose of indicating the points at which marked discom- 
fort begins, arrows 1, 2, and 3, relating to different values of relative 
humidity, have been added to the figures. 
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Fig. 1A may now represent a summer day after a cold spell, leav- 
ing the walls in cool condition and permitting some radiation. Asa 
matter of course, a temperature of 75 degrees again means comfort, 
However, if it is assumed that during such a day the air temperature 
rises to about 80 degrees and that the humidity is 70 per cent, dis- 
comfort would start due to perspiration. Fig. 1B corresponds to a 
condition often met with upon entering a room after a relatively 
hot day. The walls are hot, permitting very little radiation from 
the person, and considerable discomfort will be felt with a humidity 
of about 70 per cent even though the evening air admitted through 
the windows may have cooled down to about 70 degrees. 

Up to the present time, the most common means used for obtain- 
ing relief in summer has been the electric fan, which increases the 
loss of heat by convection as indicated in Cand D. Fig. 1C shows 
that with cool walls and with 70 per cent humidity, fair comfort 
might be obtained with an air temperature up to about 86 degrees 
under the assumptions made; while with hot walls, as they are most 
likely to be, discomfort will start around 76 degrees with the curve 
shown in D, Although it is frequently stated that fans, because 
they do not actually cool the air, are not useful, it is evident that 
they are quite effective in dissipating heat and creating comfort. 
The principal shortcoming of the electric fan lies in the fact that 
the air currents are uni-directional and do not uniformly cool the 
body surfaces. Furthermore, it is difficult to regulate for the most 
advantageous air velocity. It should be pointed out also that the 
steepness of the convection curve as obtained with fans means that 
a relatively small decrease in air temperature may lead to discomfort 
under certain conditions. Nevertheless, the fan, on account of its 
convenience and low cost, will continue to be a most popular means 
of obtaining some degree of comfort in the hot weather. 

On the other hand, the more modern air-conditioning equipment, 
bringing about de-humidification, lowering the air temperature, and 
possibly artificial cooling of the walls, can be much better regulated 
and therefore is the only way in which comfort can be realized 
safely under all summer conditions. However, even here it is im- 
portant that the effect of the various factors be fully appreciated 
and taken into account if misapplications are to be avoided. It 
is hoped that the simple curves given with this discussion may as- 
sist along this line, although, for the sake of simplicity, some as- 
sumptions not strictly correct were made and some factors have been 
neglected. A more detailed study of the conditions indicates, for in- 
stance, that the change in temperature drop through the clothing 
and skin, which has been neglected in the curves, is an important 
factor in broadening the zone of relative comfort. The simplified 
method of attack was chosen merely because it may be more suit- 
able for conveying the fundamental ideas to the average engineer 
than the various rather complicated charts in use by air-conditioning 
specialists. 

B. R. Teare, Jr., and Louis Levine: This discussion is con- 
cerned mainly with 2 items treated in the paper: 

1. The “comfort criterion” proposed by the author. 

2. The possible power savings obtainable through panel heating. 

On the basis of material presented by Mr. L. W. Schad, research 
performed at the A.S.H.V.E. Research Laboratory (reference 3 
of the paper), and calculations made by the writers, the value of the 
proposed comfort criterion seems doubtful. 

The results obtained from a problem assigned several months 
ago to the Thermal Engineering Section of the Advanced Course in 
Engineering of the General Electric Company are given in the 
following. The class was asked to find various combinations of 
room air and wall temperatures such that the same overall conditions 


‘of comfort obtained as with walls and air at 70 deg F (middle of 


the winter comfort zone). The method used in solving this problem 
fundamentally was the same as that used by Mr. Schad in his cal- 
culations, but the results were expressed in different form. The 
advantage of this procedure is that it permits checking the calcula- 
tions against the A.S.H.V.E. test data, and permits one to see at a 
glance the wall temperature required for any air temperature it is 
desired to maintain. 
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The main assumptions used in solving this problem were as follows: 

1. Heat dissipated by an occupant remains constant at 400 
Btu per hour. This is divided between evaporation, constant at 
95 Btu per hour, and radiation and convection, the sum of which 
was constant at 305 Btu per hour. This data was taken from the 
A.S.H.V.E. Guide. 


2. A human occupant may be represented, for purposes of cal- 


culation, by a cylindrical body having a surface area of 19.5 sq ft. 
The total area is taken to be effective in convection; 85 per cent of 
this in radiation. 
8. Emissivity of the body surface is taken as 0.93. 
4. The heat loss by convection is 
he = 0.22 (To — T4)‘/* Btu per sq ft per hr 
The heat loss by radiation is 
i> (CRY SOY (Gs, = IR) 
where 7p = body temperature 
Ta = air temperature 
Tw = wall temperature 


The radiation expression is a linear approximation to the fourth 


power law, sufficiently accurate for the small temperature range 
used. This and the convection expression were taken from ‘‘The 
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Basic Laws and Data of Heat Transmission” by W. J. King, Me- 
chanical Engineering, March-August, 1932. 

5. A condition of unchanged comfort is obtained by maintaining 
an unchanged body surface temperature and an unchanged body 
heat loss. 

Three different cases were considered in this problem: 


1. Walls, ceiling, and floor all at the same temperature, Ty. 

2. Walls all at same temperature, Tw; ceiling and floor at air 
temperature, Ta. 

3. Three walls at temperature Tw; one wall, ceiling, and floor at 
air temperature, T4. This case corresponds to conditions estab- 
lished in the work done at the A.S.H.V.E. Research Laboratory by 
F. C. Houghton and others. 

In case 2, it was assumed further that 75 per cent of the body 
radiating area radiates to the wall temperature, Tw, and 25 per cent 
radiates to the ceiling and floor at air temperature, 74. In case 3, 
these figures were taken as 56 per cent and 44 per cent, respectively 
(56 per cent = */, X 75 per cent). 

The results of this analysis are given in Fig. 2. In addition, test 
data gathered at the A.S.H.V.E. Laboratory on the effect of cold 
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walls are shown as a dashed curve. The curves seem to indicate that 
the combination of air at 60 deg and enclosing surfaces uniformly at 
80 deg represents a comfortable condition, as claimed by Mr. Schad. 
On the other hand, if the method of calculation were accurate, curve 
3 should coincide with the experimental curve 4, which represents: 
a careful piece of research. Actually, there is considerable diver- 
gence between these two curves, and’this tends to cast doubt on the 
accuracy of the calculations. This discrepancy, together with the 
others pointed out above, leads us to believe that it may be safer to. 
place reliance in experimental criteria of comfort rather than in. 
calculations based on questionable assumptions. 

With regard to the matter of power consumption, it is hard to see: 
justification for Mr. Schad’s claim that panel heating promises lower 
operating costs than other methods of electric heating, which are: 
notoriously expensive. To quote from his paper: 

“The normal power requitements for straight electric resistance: 
heating are 1.2 to 1.5 kwhr per cu ft of space heated per heating. 
season of 212 days (Oct. 1 to May 1) based upon: 40 deg F average 
outdoor temperature; infiltration of one change per hour; and. 
ordinary brick veneer wood frame, lath, and plaster construction... . 
Panel heating offers some additional saving in straight resistance 
heating because it is unnecessary to warm the air quite as much as. 
where radiation plays a greater part.” 

It would seem to the writers that the heat loss from a structure. 
using radiant heating would be at least as great as for an equivalent. 
structure using an efficient method of convection heating, and really 
this is the criterion that determines operating costs. It is true that 
with lower air temperature the infiltration loss and the conduction 
loss through unheated portions of external walls is somewhat re-— 
duced. But itis equally true that where radiant panels are installed 
in external walls, as they should be to counteract radiation from the 
body to those cold surfaces, the conduction loss through those wall 
sections tends -to increase. This can be seen from the following: 


Heat loss = constant X (temperature of inside wall surface — out- 
side air temperature) 
= constant X AT 


Without panel heating, inside wall temperature = 65° 
Average outside temperature = 40° 

ATe=252 

With panel heating, inside wall temperature = 80° to 110° 


Average outside temperature = 40° 
Qi 40 ator a 


This loss may be reduced by using additional insulation, but, of 
course, such insulation would aid any heating system. 

Further evidence leading to the same conclusion may be derived. 
from 2 reports of experimental work published in recent years. The 
first is by L. J. Fowler and is given as reference 4 in Mr. Schad’s 
paper. A 21,250-cu ft home was heated by electric panels of 20 kw 
capacity from October 1, 1928 to May 1, 1929, holding the interior 
temperature at 60 deg F while the outdoor temperature averaged. 
43 deg F. This corresponds to a heating season of 3,600 degree 
days. The actual energy consumed was 30,300 kwhr or 1.42 kwhr 
per cu ft of space heated. This falls in the range given by the author 
for resistance heaters, and for conditions that are more favorable 
than he assumed. 

The second report is by E. B. Dawson and J. F. Lamb, of the 
Westinghouse Company, ‘Electrically Heated Houses’’ published in. 
the Electrical World, January 12, 1929. A 14,000-cu ft home, well 
insulated with corkboard, weatherstripped, and calked, and heated 
by a thermal storage system with electric heat required 20,650 
kwhr for a heating season of 6,186 days. If this figure be corrected. 
to a heating season of 4,600 degree days, which would correspond 
to an average outdoor temperature of 43 deg and the usual interior 
base temperature of 65 deg, it shows the power consumption would 
have been 1 kwhr per cu ft of space heated, and that without panel 
heating. Of course, this figure is not directly comparable with the- 
preceding one because it does not apply to the same structure, but it: 
indicates results that can be obtained. 
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As regards the use of a heat pump, this would no doubt reduce 
operating costs materially. The major part of such reduction must, 
however, be credited to the heat pump itself, and not to the panel 
heating auxiliary. Low temperatures of heating air can be obtained 
without panel heating simply by using a large condenser surface, 
which also would be necessary if panel auxiliaries were employed. 
If lower air temperatures are to be used in the latter case, a corre- 
spondingly larger condenser must be used for the same amount of 
heat delivery; however, a slightly better coefficient of performance 
perhaps can be obtained. 

It is not the intention of the writers to depreciate the work being 
done by Mr. Schad. The field under discussion is a new one and 
there is much to be learned. Further research may indicate the de- 
sirability of modifying our heating methods for reasons of comfort, 
health, cleanliness, and ease of control. Power rates may be re- 
duced to the point where we may be willing to pay a slight differential 
for the undoubted advantages of electrical heat in one form or an- 
other. Consequently, such work as the present is exceedingly valu- 
able and deserves all possible encouragement. 


L. W. Schad: The author is indebted to Mr. R. E. Hellmund for 
his discussion presenting a more general picture of comfort require- 
ments. It is true that all the factors must be evaluated so that the 
essential ones may be taken into account for the most satisfactory 
design and application of year round comfort producing equip- 
ment. 

Messrs. B. R. Teare, Jr., and Louis Levine by questioning the 
comfort criterion as proposed by the author, emphasize the need for 
a simple and accurate method of estimating radiation effects on 
human comfort under all conditions. The exact mathematical 
solution as suggested by the author is by no means simple and 
would be more or less inadequate where the warmed panels were 


CONTROLLED RADIATION FROM ELECTRICALLY HEATED WALLS 


1081 


not distributed symmetrically, for one solution would hold for only 
one position of occupancy. 

The method suggested by Messrs. Teare and Levine perhaps is 
no more satisfactory than the approximate method proposed in the 
paper, since it also must be dependent upon distribution of panels, 
room size, and position of the occupant. However, both methods 
are aims in the desired direction and if substantiated perhaps with 
refinement by further experiments, should be very useful in designing 
panel heating systems. 

Fuel Saving by Panel Heat: If it is found satisfactory to place 
most of the warmed panels in ceilings or inside walls instead of 
mainly in the outside walls, the objection raised by Messrs. Teare 
and Levine that the heat loss will be as great with panel heating 
systems as with good convection systems because of the increased 
gradient from inside wall surface to the outdoor air is invalid. How- 
ever, it is doubtful whether any great saving can be effected by the 
panel system here in America without the use of the heat pump. 
Claims are made by our British friends that there is a substantial 
saving effected by the use of panel heating systems but British com- 
fort standards are somewhat different from ours. The writer does 
not believe, however, that to increase the condenser size in the case 
of the heat pump would be as desirable or effective in raising the 
overall efficiency as would panel heating in conjunction with the 
heat pump. The usual warm air system delivers air at 140 degrees F 
or over according to the severity of the weather. The condenser 
of the heat pump would have to operate at a top temperature of 
80 degrees F. Hence the register air temperature would be less than 
80 degrees and still must deliver the required amount of heat. The 
result would be a circulation of much greater air volumes and, of 
course, serious drafts unless elaborate precautions were taken to 
prevent them. 


Improvements in Mercury Arc Rectifiers 
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Synopsis.—An improved design of section for the sectional mercury 
arc rectifier is described, together with the manner of assembling into the 
sectional unit. The paper includes also a brief description of the 
auxiliaries used. The units being supplied to the Board of 
Transportation, for the Fulton Street section of the independent 


subway system in New York City, are described specifically. 
Performance characteristics, which include arc voltage curves, deter- 
mined from both laboratory tests and operating service are given 


Factors determining design features are discussed. 
* * * * 


HE PRINCIPLE of building large capacity 

rectifiers in sectional form was discussed in A. L. 

Atherton’s paper (‘‘High Capacity Rectifier 
Efficiency Improved by Sectionalizing,’ A.I.E.E. 
Trans., v. 51, 1932, p. 511-15) presented at the 1932 
A.I.E.E. winter convention. Obviously, the suc- 
cessful achievement of a sectional rectifier, without 
its becoming prohibitively large, involved the devel- 
opment of a rectifier section greatly reduced in size 
from the familiar conventional rectifier of 500 to 1,000 
kw capacity. Because of the characteristics of the 
device, this reduction in size of section inevitably 
resulted in a corresponding reduction in arc drop with 
a further enhancing of the advantage of the sectional 
atrangement. The design was based upon a 1,250- 
amp section, which is approximately the rating above 
which difficulties due to size begin. Mr. Atherton’s 
paper briefly describes the first design of sectional 
rectifier. Since that time, considerable improvement 
has been made both in performance and convenience 
of operation. This paper describes the 3,000-kw 
625-volt unit being installed on the Fulton. Street 
line of the Independent Subway System of the City 
of New York; this unit is typical for any capacity 
above 750 kw at 600 volts. The paper also briefly 
describes smaller rectifiers for capacities below 750 
kw. 

During recent years great advances have been 
made in the knowledge of the fundamentals of the 
electric arc. This information facilitated the im- 
provements made in the sectional mercury arc recti- 
fier. (See “Backfire in Mercury Arc Rectifiers,’ 
by J. Slepian and L. R. Ludwig, A.I.E.E. Trans., 
v. 51, 1932, p. 92-104; “Mercury Arc Rectifier Re- 
search,” by A. W. Hull and H. D. Brown, A.I.E.E. 
Trans., v. 50, 1931, p. 744-56; and ‘““A New Method 
for Initiating the Cathode of an Arc,” by J. Slepian 
and L. R. Ludwig, A.I.E.E., Trans., v. 52, 1933.) 
There are certain advantages in the arrangement 
of parts in the conventional type of metal tank recti- 
fier. In the past, as the result of available experi- 
ence, it was believed that a rather definite relation- 
ship existed between the cooling surface area and 
volume of a rectifier, and the maximum current carry- 
ing capacity. The empirical relationship adopted 
required a tank so large that its size was objec- 
tionable. It was pointed out by Dr. J. Slepian of the 
Westinghouse Company, East Pittsburgh, Pa., that 
no fundamental relationship of this sort exists. Doc- 


* Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
Presented at the summer convention of the A.I.E.E., Chicago, Iil., 
June 26-30, 1933. 
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tor Slepian further suggested that since all vapor that 
comes into contact with a cooled surface condenses 
(thus the temperature of this surface determines 
the pressure of the vapor in the regions adjoining) 
in order to maintain the desired vapor density in the 
arc conducting regions it is necessary only to clear 
the way for the vapor to reach the condensing sur- 
faces. If these surfaces be maintained at the desired 
temperature there is no limitation, that is approached. 
in mercury arc rectifier practice, to the watts per unit. 
area that can be dissipated. Therefore, in designing: 
the improved sectional rectifier the basis used was a. 
conventional rectifier with which a great deal of 
successful experience was available; but no attention: 
was given to area of cooling surfaces, and the only 
considerations were that ample passages be provided. 
for the smooth flow of vapor from the source at the 
cathode to the condensing surfaces, so as to prevent 
undesirable rises in pressures. Also, the parts were 
so arranged that the vapor flow would sweep to the- 
vacuum pumping connection such permanent gases. 
as gather, and prevent any accumulation that would 
keep the vapor from reaching the cooling surfaces. 
or from entering the arc path with objectionable 
results. Thus, since the amount of vapor coming 
from the cathode is proportional to the current and 
since it is essential that the correct vapor density be 
maintained, the current carrying limit is determined 
by the provisions for disposition of the mercury 
vapor, in addition, of course, to the thermal limita- 
tions of the current conducting parts. The voltage 
limitation of a rectifier is one of arc back which deter- 
mines the amount of deionizing required in the are 
path. The influence of this on size is small com- 
pared to that of provisions determined by current. 

It is questionable if at the present time a tempera- 
ture can be specified at which rectifiers in general 
operate with lowest arc drop (See “‘Recent Develop- 
ments in High Current Mercury Arc Rectifiers,” 
by E. H. Reid and C. C. Herskind, A.I.E.E. Trans., 
v. 52, 1933). Of prime importance is the ability 
to rectify without arcing back. Up to a certain 
point, raising the temperature lowers the arc drop; 
but also, except for low temperatures at which surges. 
occur, it lowers the ability to withstand are back. 
To counteract the tendency to are back, in the pres- 
ent forms of rectifiers deionizing surfaces are inter- 
posed in the arc path; these raise the arc drop. 
Therefore, both temperature and deionizing devices 
must be considered and the optimum balance chosen. 
For a given arrangement of parts, the higher the 
temperature the greater will be the stability of the 
are and the freedom from voltage surges. Of course 
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Fic. 1—3,000-Kw 625-Vott 4-SecTIon Mercury Arc RECTIFIER 
With TrRucK Type SECTIONS WHICH CAN BE TAKEN OUT OF 
SERVICE IN A FEW SECONDS 


a high water discharge temperature conserves the 
cooling water required, but usually the importance 
of this is secondary to that of rectifier efficiency. 

Figure 3 shows a cross section of the resulting de- 
sign, and indicates not only the compact arrange- 
ment of parts but also the wide, smooth paths for 
the vapor flow as discussed. The rectifier tank is 
equipped with a small dome from which the perma- 
nent gases are exhausted. Such gases as accumulate 
gather in this dome and, therefore, do not go into the 
region around the anode upon fluctuations in load 
with consequent fluctuations in vapor flow. 

In addition to the large size of former rectifiers due 
to condensing surface constants, the usual form of 
anode shield and the provision for cooling the anode 
terminal with water, which frequently is employed, 
imposed a height requirement that was prohibitive. 
To reduce the anode structure length, additional 
grid length was substituted for the usual extra shield 
length with a net saving of several inches. Because 
of the narrower passages of the grid, each unit of 
grid length is equivalent to a much greater length of 
shield. The substitution of a small solid anode 
radiator for the necessarily large water filled radiator 
is the relatively simple matter of designing the parts 
so that the desired temperature gradient is obtained 
with a solid anode stem. This, of course, requires 
an arrangement of parts such that no part of the 
effective insulation operates at a temperature at 
which the insulating value of the material is reduced. 

The anode of the sectional rectifier is shown in 
Fig. 4. Graphite is used as the anode head because 
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Fic. 2—ONE SECTION OF THE RECTIFIER SHOWN IN Fic. 1 


These can be arranged in multiple for any capacity desired with no loss of 

efficiency, and the requirement for spare capacity reduced with increased size. 

Section shown is assembled with complete independent set of auxiliaries and 
contacts for truck type mounting 


it is not seriously damaged by arc back. Quartz is 
used for the grid because it is an insulating material 
with a high melting point and satisfactory mechanical 
strength. Making the grid of insulating material 
prevents the formation of a cathode spot on the grid 
with the resulting damage when passing heavy cur- 
rents. Quartz is used also as anode insulation in 
critical locations, because it maintains its insulating 
qualities at relatively high temperatures and the 
tendency for breakdown to occur at the junction 
between quartz and a conductor is less than with 


EXCITING 


ANODE COPPER BAR 
ANODE 


CONNECTION 


WATER JACKET 
(DOME) SOLENOID 


WATER JACKET 
(ANODE PLATE) 


FLUSHING VALVE 
(OUTLET) 


F 
yp 


‘cae — 
tl: UUM | 


RUBBER 
SEALS 


WELDED STEEL TANK | 


f°O ] 


Lem a oe 
ERNE) 


THREE 
HEATERS 


bi le aires CATHODE 


(CATHODE 
Fic. 3—Cross SECTIONAL VIEW OF THE 1,250-Amp RECTIFIER 


SECTION SHOWN IN FI. 2 


most insulating materials. Shields and baffles are 
so arranged as to keep the spaces adjacent to the 
insulation deionized, thus keeping the insulation 
clean by preventing sputtering, and reducing the 
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tendency of the formation of a cathode spot with re- 
sulting arc back, at the junction between insulation 
and conductor. 

The cathode is equipped with a quartz cylinder 
which extends above the bottom of the vessel. This 
not only protects the edge of the cathode from the 
cathode spots at the surface of the mercury, but acts 
as a guide for the mercury vapor and as a sediment 
trap. The condensed mercury in returning to the 
cathode does so outside the cylinder; any foreign 
matter, being lighter than mercury, floats on top and 
remains outside the cylinder. In returning to the 
cathode the stream of mercury is broken up by an 
insulated baffle suspended from the cylinder and thus 
is prevented from bridging the cathode insulator. 
This arrangement is shown in Fig. 3. 

The scheme of excitation used is shown in Fig. 5. 
By using a copper oxide rectifier, the advantages of 
a d-c starting and excitation system are obtained, 
without the objectionable features of a rotating 
device. Before the arc is struck, practically the full 
potential is applied to the solenoid which depresses 
the ignition rod into the mercury. After the arc is 
drawn, the resistor in series with the ignition rod 
causes the greater part of the voltage to be impressed 
upon the excitation anode and the greater part of 
the excitation arc immediately transfers to that 
anode, without the provision of a separate supply. 
By properly designing the excitation supply equip- 
ment, ample voltage is available for the operation 
of the solenoid without a prohibitively high current 
or losses in the resistor after the arc is struck. The 
value of resistance and the characteristics of the 
copper oxide rectifier are so coordinated that a final 
current of less than 3 amp in the starting rod and 10 
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Fic. 5—ScHEMATIC DIAGRAM OF IGNITION 
AND EXCITATION SYSTEM 


to 15 amp to the excitation anode is obtained. By 
the addition of the excitation anode a source of 
ionization is brought close to the anode shield 
opening, thereby eliminating any hesitancy to 
“pick up.” 

When the load on a rectifier suddenly is increased 
to a high value, voltage surges tend to appear. For 
any given load on a rectifier there is a given condition 
of vapor flow, vapor density, and ionization. Before 
the vapor density and ionization have had time to 
build up to the requirements of the heavy load, the 
arc tends to be unstable and the fluctuations in the 
conductivity of the arc, together with the inductance 
of the circuit, generate the overvoltages. Since the 
source of these surges is the arc path between anode 
and cathode, their prevention is accomplished best 
by connecting capacitors between each anode and 
cathode to compensate for the variations in the con- 
ductivity of this path. Although it is not necessary 
for surge prevention, low valued resistors are con- 
nected in series with the capacitors to smooth 
out the voltage wave and avoid objectionable har- 
monics. 

Because a rectifier requires a highly evacuated 
vessel, and one containing only pure mercury vapor, 
the manufacturing technique differs radically from 
that usually employed in the construction of electrical 
machines. Extreme cleanliness must be practiced 
during the processes, and many of these processes 
must be carried out in a conditioned atmosphere. 
The accomplishment of a satisfactorily tight vessel 
has been aided greatly by modern welding methods. 
It is obvious, of course, that a reliable insulating seal 
is necessary for both anodes and cathodes. How- 
ever, several types of insulating seals are now well 
known, any one of which is sufficiently reliable. 
The choice of seal used is thus a matter of manufac- 
turing convenience and cost. Seals used in the rec- 
tifier described here are the soldered-to-porcelain 
seal at the anodes, and a steel-protected rubber 
gasket at the cathode. A similar type of rubber 
gasket is used between main tank and cover. 

Even with the best manufacturing technique, the 
construction of a nearly perfect metal vacuum 
tank is a difficult problem; and the difficulties multi- 
ply with size of tank. Herein lies an important 
advantage of the sectional rectifier; Not only is 
the size of tank small for a large capacity rectifier, but 
also the standardization upon one size always makes 
for higher quality and greater uniformity of product. 
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AUXILIARIES 


The system of auxiliaries used incorporates several 
unique features. The mercury vapor vacuum pump 
is of the multi-stage type, which is capable of pump- 
ing against a high back pressure. This high back 
pressure capacity permits the use of a barometric 
seal, which consists of a tube of barometric length 
with the lower end immersed in a pool of mercury; 
in case of any accident to the vacuum system, this 
arrangement acts as a perfect automatic valve and 
prevents admission of high pressure gases into the 
rectifier vessel. This barometric seal is incorporated 
in the interstage reservoir between the low and high 
_ pressure pumps, which permits intermittent opera- 
_ tion of the high pressure pump. This pump consists 
of a rotary oil-sealed pump of small size directly 
connected to a '/,-hp motor. Because of the ab- 
sence of gearing this pump is almost noiseless, and 
because of its small size the losses arelow. However, 
the capacity is ample for the service required as is 
evidenced by the fact that in practice this pump is 
required to operate only from a few minutes per day 
to a few minutes per week depending upon how long 
the rectifier has been in service. The starting and 
stopping of the pump is controlled by a mercury 
manometer connected to the interstage reservoir. 
Since the pressure at which this pump starts is well 
below the maximum back pressure against which the 
mercury vapor pump will operate, a rise of pressure 
in the rectifier tank, with the resulting damage 
caused by operation under this condition, is not 
permitted. 

The valve between the interstage reservoir and 
the rotary pump operates on a float principle and, 
therefore, is automatic without requiring any elec- 
trical connections. When the rotary pump stops, 
atmospheric pressure drives the oil back through the 
pump until enough accumulates in the valve to raise 
the float. 

Pressure in the rectifier is measured with a manu- 
ally operated gage of the McLeod type and also with 
a hot-wire instrument; the latter is connected to 
the control system for protecting the rectifier against 
operating under excessive pressures. This gage is 
not used to control the starting of the rotary pump 
because it is believed that operation of the rectifier 
with a pressure sufficiently high to operate this in- 
strument is objectionable if continued for a long 
time. All pressure measurements are made at a 
connection to the tank separate from the pumping 
connection. At the low pressures being considered, 
there is a considerable variation in pressure along 
even relatively large passages. Therefore, a meas- 
urement made on a pumping section at some dis- 
tance from the tank may indicate a pressure a great 
deal lower than actually exists in the tank. In the 
construction of the McLeod gage, a compressible 
chamber is used instead of the usual barometric tube, 
with a resulting reduction in length of more than 50 
per cent. The hot-wire gage is of the familiar type, 
but has improvements in compensating features 
which reduce the effects of the various factors in- 
fluencing its calibration. 
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APPLICATION 


With sectional construction the possibility of 
operating with part of the units out of service 
radically reduces the amount of spare capacity re- 
quired in a high capacity installation. The manner 
in which the rectifier sections are assembled is quite 
flexible and is determined by the type of service 
required. In the rectifiers being supplied for the 
New York City Board of Transportation the sections 
are assembled in a truck type frame, and each section 
is made complete in itself with its own vacuum and 
water control systems. It is equipped with truck 
type contacts and flexible water connections so that 
one section can be disconnected in a few seconds, 
and the remainder of the unit continued in operation. 
This complete flexibility, of course, is obtained at the 
expense of increased cost and increased number of 
auxiliary parts with the inevitable increase in such 
troubles as originate in auxiliaries. However, the 
auxiliaries have been made so reliable that trouble 
from this source is not serious. Where extreme flexi- 
bility is not required, it is just as feasible to connect 
the rectifier sections to a common manifold with one 
pumping system, in which case the number of auxili- 
aries is essentially the same as for a single tank unit. 

Since iron is the only inexpensive metal that does 
not react with mercury, metal tank mercury arc 
rectifiers are constructed of steel; this, together with 
the requirement for water cooling, introduces a cor- 
rosion problem. When water of the quality usually 
available is used directly, the rectifier must be de- 
signed so that all water spaces are accessible for 
cleaning and surfacing with corrosion resisting ma- 
terial; this maintenance must be performed at rela- 
tively short intervals. Another, and probably bet- 
ter, way of solving the corrosion problem is by pro- 
viding a recirculating cooling system. This system 
may be either a water-to-water heat exchanger or a 
water-to-air heat exchanger. In either case the re- 
circulating water may be such as to eliminate practi- 
cally all corrosive action. The recirculating system 
may be either grounded and insulated from the recti- 
fier, or connected directly to the rectifier and insu- 
lated from ground with rubber hose, depending upon 
convenience where installed. It is necessary, of 
course, that the temperature be controlled accurately. 
This is not a serious problem, however, for several 
types of direct-acting temperature-regulating water 
valves are available, and the control element is 
placed in the location of most rapid temperature 
change to avoid the overheating of any part before 
action takes place. 

Mercury arc rectifiers are particularly adaptable 
for automatic or semi-automatic operation since 
the control and protective devices required are rela- 
The degree of protection required 
depends upon the service to which the rectifier is 
applied; in many cases this can be reduced to pro- 
visions for: clearing a short circuit or arc back; pre- 
venting operation with excessive pressures due to a 
fault in the vacuum system; and preventing opera- 
tion with excessive temperatures due to a fault in 
the cooling system. 
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Lonc Istanp (N. Y.) RAILROAD WHEN Op- 


ERATING WiTH ONLY 2 SECTIONS IN SERVICE 


The transformer connection used is influenced by 
the location where the rectifier is installed. The 
cost of a 12-phase transformer must be balanced 
against the additional cost of a harmonic filter to 
effect an equivalent wave with a 6-phase transformer, 
where wave form is important. Since both a-c.and 
d-c systems are underground in the New York City 
Independent Subway System, and the telephone 
interference problem thus eliminated, a 6-phase 
transformer is being supplied for that installation 
because of its greater simplicity. 

The rectifier being supplied for the New York 


Fic. 8—RECTIFIER SECTION WITH TRANSFORMER HAVING A CAPAc- 
ITy oF 667 Amp ConTINUOUSLY WITH THE USUAL OVERLOAD CAPACI- 
Tips; 34-In. TANK 


City, Board of Transportation, shown in Fig. 1, is 
rated 3,000 kw at 625 volts. Specifications require 
that it be capable of carrying 4,800 amp continuously, 
7,200 amp for 2 hr, 9,600 amp for 5 min, and 14,400 
amp for 1 min. This rectifier has demonstrated its 
ability to carry the specified loads, not only on the 
test floor, but also in actual service. . Figure 6 shows 
the are drop curve of this rectifier, which, of course, 


expresses the efficiency of the rectifier when the rela- 
tively small losses of the auxiliaries are added. 

As mentioned previously, the design of the recti- 
fier described here was based on a conventional design 
with which a great deal of service experience was 
available. Three installations were made of this 
type of design on 3 types of typical railway systems, 
and in all 3 cases essentially perfect performance was 
secured during several rectifier-years operation. To 
date, only one backfire has occurred on these recti- 
fiers. After making the modifications discussed in 
this paper, in order to make this design suitable for 
sectional assembly, together with the improvements 
mentioned, a trial installation was made at the Cedar 
Manor substation of the Long Island (N. Y.) Rail- 
road Company, early in September 1932. Two of 
these latest sections, as shown in Figs. 2 and 3, were 
substituted for 2 of the original sections shown in 
Atherton’s paper (loc. cit.) and operation continued 
on the 2 new sections only. The remaining 2 
original sections were kept out of service and main- 
tained only as standby capacity. In this way by 
operating a station intended for a 3,000-kw rectifier 
on 1,500 kw of sectional rectifier capacity, a more 
severe test was obtained, and one more nearly in 
keeping with the rated capacity of the rectifier. 
Figure 7 shows a section of a daily load chart taken 
at this station. It may be seen that during the peak 
load period the base load averages more than the 
rated full load of 2,400 amp; upon this the usual 
short time railway peaks, up to 3 times rated load, 
are impressed. Up to the date of the present writing, 
3 arc backs have occurred; in each case the rectifier 
was returned to service immediately. In addition 
to the outages due to are back several minor inter- 
ruptions have occurred due to auxiliary and control 
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apparatus, but these have been few and the overall 
reliability has been equivalent to that required of 
electrical apparatus in general. Such weaknesses 
as have been disclosed in the auxiliary apparatus 
have been corrected. The cooling water consump- 
tion at this station has been extremely low. Because 
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of the low load factor of a railway system and the 
high operating temperature employed, a large part 
of the losses is dissipated to the room. 


Low Capacity RECTIFIERS 


For application on loads of less than 1,250 amp, 
smaller units have been designed and built following 
the same general design as that of the sectional recti- 
fier. A typical example is shown in Fig. 8. As 
would be expected from its smaller size, this unit 
has demonstrated that it will operate reliably over 
even a wider range of overloads than will the sec- 
tional units. It has a lower arc drop for the same 
percentage of normal load, as shown in Fig. 9. 
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Discussion 


R. E. Hellmund: Not only is the rectifier now the proper device 
for ordinary rectification in many cases where previously it could 
not compete with rotaries and motor-generator sets, but such 
applications as the regulation of induction motors with a rectifier 
in the secondary and many other possibilities previously suggested 
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are coming closer to a practical and economical realization. In 
fact, with recent developments relating to the regulation and con- 
trol of mercury arc devices, it seems that they are destined to play a 
most important part in all applications where appreciable amounts 
of power are involved. At the same time, it seems that the field of 
application of many electronic devices which have come with the 
advent of radio developments and with regard to the future of which 
many exaggerated and overoptimistic claims have been made, ‘may 
be limited to smaller amounts of power, certain control problems, 
and some special applications. The necessity of heated cathodes in 
these devices and the limited life are, after all, appreciable handicaps. 
On the other hand, it seems that the future of the pool-cathode mer- 
cury are devices, the development of which was originated in con- 
nection with power applications, is becoming brighter every day as 
the basic factors entering into their design and operation are be- 
coming better understood. 


J. H. Cox: The mercury arc rectifier now is definitely a de- 
veloped piece of apparatus with reliability equal to or better than 
that of other commercial electrical apparatus; its efficiency has now 
been brought to a point where in many cases it is suitable for appli- 
cation on voltages as low as 230 volts; and its extreme simplicity in 
operation makes it admirably suited to automatic operation and per- 
mits a freedom of distribution of power supply not permitted with 
the rotary converter or motor generator. In this item the sectional 
type of construction has obvious advantages. In the electro- 
chemical field the greater ease with which it may be protected from 
all effects of corrosive fumes makes it particularly valuable. 

The advantages of the sectional rectifier have now been demon- 
strated. The space capacity presented is obvious, the efficiency is 
directly measurable, the reliability has been demonstrated in field 
service as well as laboratory tests and the advantage of the standard- 
ized small section from a manufacturing point of view has been even 
greater than anticipated. 

Mr. R. E. Hellmund has mentioned the possibilities of the ex- 
tended application to control uses; the prospects in this field are 
very bright. 


Communication 
ANNUAL REPORT OF THE COMMITTEE ON COMMUNICATION* 


OME of the advances in electrical communication 
S were described in detail in technical papers 
sponsored by the Institute’s committee on com- 
munication during the past year; others are outlined 
briefly in this report. - Since it is desirable to keep 
the report short, only a few of the outstanding ad- 
vances are mentioned. 

A new type of telegraph repeater recently has 
been put into use to facilitate repeating multiplex 
telegraph channels individually into other multiplex 
circuits, which has the advantage of not requiring 
the maintenance of synchronism between the multi- 
plex circuits concerned. An important application 
is a direct Montreal-London connection involving a 
Montreal-New York multiplex circuit and the 8- 
channel New York-London loaded cable. A multi- 
plex telegraph channel concentration arrangement 
has been developed and installed in recent new tele- 
graph offices. Operating positions, concentrated 
in the operating room, are connected through a 
switchboard located in the operating room to multi- 
plex distributors grouped in the testing and regulat- 
ing department. Reassignments of operating posi- 
tions to meet changes in load readily are made, and 
important economies are effected in equipment, 
space, personnel, and other costs. There also has 
been developed a signal distortion indicating device 
for use in regulating and adjusting start-stop printer 
circuits without interrupting traffic. The device is 
of a stroboscopic nature and it indicates the effect of 
transmitter speed irregularities, relay bias, and other 
causes of signal distortion. 

Successful experiments were carried out with a new 
method of superimposing telegraphy on telephony 
on the Madrid-Buenos Aires radiotelephone link. 
By means of inverters and spreaders in the tele- 
phone channel, and by appropriate allocation of fre- 
quencies, telegraphy at 125 words per minute was 
possible at the same time as speech. 

Development of a new 18-channel voice frequency 
carrier telegraph system was completed and 3 of these 
systems have been installed in England. In this 
country trials of a 24-channel voice frequency system 
have shown that such a system is satisfactory from a 
technical standpoint. 

During the year the British Post Office introduced 
person-to-person written communication service. 
This was called “Telex” service and is furnished to a 
subscriber over his telephone loop; he may talk or 
typewrite over the same connection, although not 
simultaneously. 

In the United States an interesting development of 
teletypewriter service associated with telephone 
lines is the application of these devices to the direct 
printing of weather maps over extensive telephone 
plant networks for use in connection with airplane 
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service. Outline maps are placed in the machines 
at airports connected to this system, and symbols 
transmitted from the U.S. Weather Bureau in Wash- 
ington are recorded simultaneously at all of the 
stations in the group covered by one section of the 
weather map. These symbols show all of the regular 
items of the weather map. 

To meet further demands for high-grade and 
economical circuits in cable, considerable develop- 
ment work has been carried out, including an exten- 
sive experimental installation of telephone carrier 
applied to a 25-mile loop of underground cable. A 
carrier system design has been achieved in which the 
difficulties due to enormously increased attenuation 
and increased tendency to crosstalk are surmounted. 
Sufficient work has been done to demonstrate that the 
system is entirely practicable. Carrier applied to 
cables offers important possibilities of economy, 
particularly for routes carrying heavy traffic. Tele- 
phone transmission improvement also is effected; 
this is particularly important for long circuits where, 
with present cable methods, transmission delays in- 
troduce difficulties. A paper on this subject was 
presented at the 1933 summer convention (see 
“Communication by Carrier in Cable” by A. B. 
Clark and B. W. Kendall, ELEcTRICAL ENGINEERING, 
v. 52, July 1933, p. 477-81). 

An interesting application of this method of cable 
transmission was made in recent experiments in high 
grade transmission of orchestra music. The new 
transmission system including pick-up arrangements, 
transmission lines, amplifiers, and loud speakers, 
represents a marked advance over systems pre- 
viously developed for the transmission of music, in 
the following respects: 

1. ‘Auditory perspective,’ that is for example, the reproduced 
sounds of different instruments of an orchestra appear to come from 


different parts of the stage, corresponding to the actual relative 
location of these instruments at the transmitting point. 


2. Frequency spectrum covering practically the entire audible 
range, that is, from 35 to 15,000 cycles. 


3. An intensity range corresponding to short-time energy differ- 
ences between strong and weak passages of 10 million to one, making 
possible a volume of reproduced sound at least 10 times as great as 
that produced by the orchestra itself. 


4. Increased control over the volume of sound at the receiving 
point and the relative loudness of various parts of the orchestra, 
making possible an enhancement of the musical effects over that 
produced by the orchestra itself. 

Public demonstration of this system was made in 
Washington on the evening of April 27, 1933, with 
the Philadelphia Symphony Orchestra playing in 
Philadelphia. Transmission over the long distance 
circuits was so excellent that there was no appreci- 
able difference in the overall characteristics of the 
system with or without the long distance lines. 

The Italy-Sardinia submarine cable, the longest 
submarine telephone cable in the world (approxi- 
mately 150 nautical miles) was completed and put 
in service. This continuously loaded cable, laid 
between Fiumicino, Italy, and Terra Nova, Sardinia, 
provides a single 2-way circuit on which are operated 
1 composited duplex telegraph channel and 1 tele- 
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phone channel; it is designed for the addition of a 
2-way carrier telegraph channel. Because of the 
long length and consequent high attenuation, special 
methods have to be used to achieve a high singing 
point in order to operate the circuit on a 2-wire 
basis. 

Multi-party toll service or toll conference service 
was made available throughout the United States 
to a large portion of the telephone stations. Con- 
nections affording 2-way communication among not 
more than 6 parties are furnished immediately at the 
subscriber’s request. For some of the more distant 
connections and those involving more than 6 parties, 
the service is being given on appointment where 
practicable. 

A telephone cable between Kansas City, Mo., and 
Dallas, Tex., was completed during 1932, thus con- 
necting Dallas and other Texas points into the toll 
cable network which now provides a storm-proof 
system covering most of the eastern half of the United 
States. Among other circuits this cable includes 
direct New York City-Dallas circuits, 1,850 miles in 
length, which are the longest direct all-cable tele- 
phone circuits in the world. 

Micro-ray ‘radiotelephone equipment is being 
built for the British Air Ministry and will be erected 
at Lympne, England. This will operate on a wave 
length of 15 cm in conjunction with similar equip- 
ment to be situated at St. Inglevert aerodrome, near 
Calais, France. This is the first commercial ap- 
plication of the micro-ray system. An interesting 
feature of this new service will be the use of tele- 
printers for transmitting and receiving messages. 

A new technique of grinding tourmaline crystals 
makes it possible to produce such crystals commer- 
cially for wave lengths as low as 5 m. 

Several new types of direction finders for ships 
have been developed, one of which incorporates an 
automatic indicator showing the bearings of the 
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station at any time. The new direction finders need 
no correction as the quadrantal error is eliminated 
permanently by suitable design of the loop and 
antenna systems. 

A considerable number of aircraft, formerly having 
only l-way equipment for receiving beacon signals 
and weather reports, now have been equipped with 2- 
way radiotelephone equipment. Experiments on 
blind flying by means of directional radio signals have 
been continued with excellent results. By means of 
equipment on the aeroplane which indicates very 
accurately the landing runway and the altitude of 
the plane, it is now possible to land safely when the 
pilot is unable to see the ground. 

The use of high power vacuum tube amplifiers in 
sound recording has made possible the development 
of an improved vertically cut record. Less inherent 
distortion, greater volume range, and a playing time 
of 15 to 20 min on a 12-in. record are possible with the 
new process. By using a reproducing stylus of 
very light weight, the records last for several thou- 
sand playings with no noticeable deterioration. 

Experiments with the use of highly accurate fre- 
quency standards in connection with the control of 
power system operations are being made. The fre- 
quency standards, having their source in quartz 
crystal oscillators, are supplied to the control 
mechanism over telephone circuits. 

In its a-c electrified territory one of the railroads 
has installed a neutralizing wire in its telephone con- 
duit system connected to the track and substations 
through impedance bonds, and an aerial tape ar- 
mored telephone cable for the mitigation of induc- 
tive interference; the results are highly satisfac- 
tory. 

In nearly all municipal fire alarm systems that have 
been remodeled during the past year, copper oxide 
rectifiers, supplied with alternating current at 110 
volts, have been used as sources of power. 


Electrical Machinery 


ANNUAL REPORT OF THE COMMITTEE ON ELECTRICAL MACHINERY* 


mittee on electrical machinery has functioned, 
as previously, through 5 major subcommittees, 
namely: synchronous machines, induction machines, 
d-c machines, transformers, and mercury are rectifiers. 
These subcommittees have continued their activities 


Des the current year the Institute’s com- 


in following the preparation of standards, in reviewing 


progress and development of the art, and in examina- 
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tion of papers offered for presentation at the stated 
conventions of the Institute. 

Noteworthy advance has been made by the com- 
mittee in recommendations for impulse testing of 
transformers and in revision of low frequency di- 
electric tests for transformers. A preliminary re- 
port on a test code for synchronous machines has 
been printed. Active progress is being made in 
the development of methods and testing devices 
for determining load losses and input-output effi- 
ciency of induction motors, as a preliminary to formu- 
lating a test code for induction machines. A test 
code for d-c machines is in preparation. 
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Among the technical papers reviewed and ac- 
cepted by the committee during the year are many 
important contributions in the fields covered. A 
brief outline of notable advances and progress dur- 
ing 1932 in the field of electrical machinery follows: 


SYNCHRONOUS MACHINES 


A considerable part of the work on synchronous 
machines during this past year has been the improve- 
ment of details of design and manufacture. Progress 
has been made in high voltage coil insulation and in 
the reduction of fixed and stray load losses of high 
speed machines. 

There has been no increase in the size of turbine 
driven alternators since the 1931 report. The 2 
200,000-kva 1,800-rpm machines (GE)! in the 
Brooklyn Edison Company’s plant have operated 
for some time and heat rate tests made on both 
machines show results better than the guarantees. 
A 183,333-kva 165,000-kw 1,800-rpm single-element 
turbine alternator (W) is being built for the Phila- 
delphia Electric Company. This generator has 2 
stator windings and is cooled by external propeller 
type blowers. A 166,666-kva single-shaft turbine 
alternator (GE) has been delivered to the Chicago 
District Electric Generating Corporation. It also 
has 2 stator windings and is the largest machine 
shipped with the armature completely wound. 
The inside armature frame with the winding is ar- 
ranged so it may be assembled within an enclosing 
casing which also houses the 4 separately driven 
ventilating fans and the surface air coolers. 

Experience is being obtained with high voltage 
turbine generators. Eight units from 3 different 
manufacturers had an equivalent of 22 turbine- 
generator-years of service up to January 1933. 
A more detailed tabulation is given in Table I. 

The maximum capacity of waterwheel driven 
generators has not been increased during the year, 
although preliminary designs for a generator in 
excess of the capacity of any generators previously 
built have been made in considerable detail. Me- 
chanical improvement in the line of simplification 
of bearing oiling system and other details has been 
made on the waterwheel generators. 

Developments in the field of synchronous motors 
include the first (GE) totally enclosed fan-cooled 
type, particularly designed for use in class J, group 
D explosive gas locations. The ventilating air en- 
ters at the driving end and passes over the inner 
shield, across the back of the stator punchings, and 
is discharged at the collector end. The collector 
rings are enclosed and excitation is provided by a 
motor-generator set. A number of synchronous 
motors were applied in municipal water pumping 
stations. The trend in these machines is toward 
high efficiencies and in one case, an 800-hp 900-rpm 
motor (W) had a guaranteed efficiency of 97.6 per 
cent. It is believed that the first synchronous 


1 Manufacturer designation: 

AC—Allis-Chalmers Manufacturing Company 
BB—American Brown Boveri Company 

EM—Electric Machinery Manufacturing Company 
GE—General Electric Company 

W— Westinghouse Electric and Manufacturing Company 


ELECTRICAL MACHINERY 


Transactions A.I.E.E. 


Table I—High Voltage Turbine Generators 


Year 


Placed 
in Unit Capacity Manufac- 

Service Station No. Kilowatts Voltage turer 
1928). - Powerton....... Lishpeiswvae an since a 52,500... .22,000..... GE 
1929). boca State Line...... 1 (8 generators). .200,000....22,000..... GE 
19297 as Powerton....... Pe i RT EMEP, eo IES 52,500... ..22,000..... GE 
LOSOt eins Powertonia sansod socmicesb eta caren 105,000 22 0002 se GE 
1930 soem Michigan) City ds reiise iale esiciere ke 68,000... .22,000..... WwW 
AGS Deen: Waukegan...... Bid dreNd gecale eee 115,000....18,000..... AC 


motors to drive power house draft fans were supplied 
to the Hawaiian Electric Company. These motors 
were a 2-speed motor rated 300 hp at 600 rpm, 
and 700 hp at 900 rpm (W) to drive an induced draft 
fan and a 200-hp motor at 1,200 rpm (W) for the 
forced draft fan. 

Part winding starting has found increasing use on 
synchronous motors where starting requirements 
are extremely heavy, such as on flour mill line-shaft 
drive and cement mill tube-mill drive. A recent 
installation of 5 250-hp 277-rpm and 1 600-hp 
138-rpm synchronous motors (EM) for flour mill 
line drive, the first of its kind, utilizes 5 part-winding 
steps in the motor to secure proper motor accelerat- 
ing characteristics. The part winding steps are 
arranged to provide starting torque in increments 
from 60 per cent normal torque to 175 per cent nor- 
mal torque. These torque steps are secured either 
manually or automatically to insure smooth starting 
without belt slippage. ' 

A 60-kva 1.0-power factor 4,800-cycle 3-phase 
generator (GE) represents an advance in the use of 
high frequency for industrial heating. Two 60-kva 
1.0-power factor 4,800-cycle single-phase generators 
(W) are now being built. 

The 2 30,000-kw frequency changers (GE) at the 
Richmond Station of the Philadelphia Electric 
Company are now supplying single-phase 25-cycle 
power to the main line electrification of the Pennsyl- 
vania Railroad between New York and Philadelphia. 


INDUCTION MACHINES 


The use of totally enclosed motors and especially 
the use of totally enclosed fan-cooled motors has 
increased considerably. An increasing demand is 
being experienced for splash or hose-proof motor 
construction. These machines are built suitable 
for outdoor installation, use in dairies, or where a 
hose is used in cleaning up the floors. A movement 
is underway to revise the definitions of the various 
types of enclosures. 

The use of motor-reduction units has increased 
materially. This apparatus has been defined as 
follows: A motor-reduction unit is a motor with an 
integral mechanical means of obtaining a speed 
differing from the speed of the motor. 

An outstanding development in the fractional 
horsepower single-phase motors has been first, the 
development of capacitor-start capacitor-run single- 
phase motors, employing usually a transformer and 
a paper condenser, and more recently, the develop- 
ment of capacitor-start induction-run single-phase 
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Table II—Mercury Arc Rectifier Units Placed in Operation During 1932 or on Order December 31, 1932 
No. of D-c Kilowatts Total Type of Placed in 
Purchaser Sets Volts Per Set Kilowatts Control Service Service Manufacturer 
I. G. Farbenindustrie for Standard : 
WHLCou OF Lousiana © s0./. slo oie cis 4 ie 2 ery Reb ens 22008 acs 2200 ees Matitial i. Us ccntebieteeews s ¢ Electrochemical LOS 2 it teak BB 
ong Island Railway Co............. Aon aims 650 3,000 12,000 Automatic Railwa 
Reece rei, Sues 6 O00,... 2. 000s ie. {0002.2 Automation er: sontcr ati eia fate Vid dasstiaeaietc TQ82 wrxe recor AC 
N. Y. Board of Transportation ay BAe Bree Daketaite O25 reais 3.000..... 27,000... ..% Automatic remote control ..... SUBWAY. oe erstries rare On order ....... WwW 
N. Y. Board of Transportation. as chee hd icten ay casters O25 adcles a, 0005s 39, 00002) 2. Automatic remote control..... SUDWAY con aeaiy ees WORD ica fycte: ole ~GE 
N. VY. Board of Transportation sare MR a at a Von. ate C2 eich OhOOU a nce 20 O0Ome nies Automatic remote control ..... SUDWAY seu .e west "1930 Sa8 vas GE 
N. ¥. Board of ‘Transportation Saaiaieteete aS Fe O200une 2% 8,000..... 3,000 c... ts Automatic remote control..... Subwayieemovcdvene. *19329-* sera: GE 
ehitadelphial City (Of: . hc. oye oc cox cue Dizidisieleiee CEU Monta cl 9 OBE 6,300..... Manual... seta caves, centowemees Rat Way aw cree eiciets ers re 19 B2i 8. whet AC 


* Installed ready for service. 


Table Ill—Mercury Arc Rectifier Units: Comparison 


1931-1932 
1932 1931 
No. of Kilo- No. of  Kilo- 
Sets watts Sets watts 
MPa COE EI SEL VACE ay o)c)a)002 610 «ve fe avalSie alae. cie's 482. 143,500) 2. < . 57... 127,845 
Peet EY SRE FISECLI CCUM CIs ete care cise ators Sis, lave cseions Sis o.c' cee Gidlsvon cieiohe els 14... 41,200 . 
BPITOLGET ays fois ealcle eis tere. vic e1@icieielei 0, aye ave Oe 20 000s ain:s 34... 102,300 
Grand itotal-for year... 3.0 0 occ sees BT eee LTO LDOO neiere 105... 271,845 
Total number units in service, Dec. 31st .*228... 448,879..... 180... 305,379 


* Includes 41 units installed and ready for service. 


motors, employing a low voltage condenser of 
relatively large capacity for starting purposes only. 
The low voltage capacitor-start single-phase motor 
is finding its first application in the household re- 
frigerator field. 

The greatly increased activity in the air condi- 
tioning field has resulted in motors being developed 
to operate fans, blowers, and water agitators, which 
are quiet and have long life of bearings. 

Dual motors, alternating and direct current on 
one shaft, have been developed to meet the require- 
ment of refrigerating trucks and railroad cars and 
air conditioning passenger cars. The d-c motor is 
used to drive the refrigerating machine when the 
truck or car is in motion, the current being supplied 
from the d-c generator on the truck or car, and the 
induction motor is used when the truck or car is 
standing, the motor being connected to the a-c 
city distribution system. 


D-C MAcHINES 


The largest 350-rpm d-c motors so far constructed 
are reported for the current year. Six 3,500-hp 
175/350-rpm d-c motors (AC) were placed in service 
on 6 finishing stands of a 76-in. continuous-strip 
mill, power being supplied by 3 5,000-kw 3-unit 
motor-generator sets. Three 3,500-hp 175/350-rpm 
d-c motors (GE) were placed in service on the finish- 
ing stands of a 72-in. continuous hot-strip mill for 
the Otis Steel Company, power being supplied by 
2 4,000-kw 3-unit motor-generator sets. 

A light weight d-c generator (W) has been com- 
pleted. It consists of 3 units, one rated 8-kw 115- 
volts and 2 rated 2.5-kw 3,000-volts at 2,200 rpm. 


Two bearings are used, mounted in cast magnesium 
brackets. Total weight of the machine is 549 Ib. 

A gas electric “crawler” type track welder (W) 
has been completed. This machine is designed with 
low head room to move along the shoulder of the 
road bed, so as to clear the rolling stock and furnish 
power for building up worn rail ends by arc welding, 
and in addition, to furnish power for a grinder and 
nut tightener. A series motor taking power from 
the welding generator is used to move the welder 
along the track. 


TRANSFORMERS 


The activity of the transformer subcommittee in 
developing standards for the commercial impulse 
testing of power transformers has borne fruit in an 
agreement upon a tentative test code. This test 
procedure, including a program of applied impulse 
tests made with the transformer excited, was pre- 
sented at the Institute’s 1933 winter convention in 
a paper by Messrs. Vogel and Montsinger. Mean- 
while the ranks of the manufacturers prepared to 
make commercial surge tests have been augmented 
by the installation by Allis-Chalmers of a high 
capacity surge generator capable of delivering 
2,000,000 volts, with complete cathode ray and 
pontentiometer equipments and arrangements for 
synchronizing the impulse with the peak of a normal 
frequency alternating voltage wave. Commercial 
surge tests have been applied to transformers with 
such ratings as 20,000 kva, 132 kv (GE); 2,000 
kva, 69 kv (GE); 4,500 kva, 132 kv, 25 cycles 
(GE); 20,000 kva, 230 kv (W); 20,000 kva, 132 kv, 
25 cycles (W); 10,000 kva, 132 kv (W); 4,500 kva, 
132 kv, 25 cycles (W); and 20,000 kva, 115 kv, 
3-phase autotransformers (W). 

Four of the largest 230-kv single-phase trans- 
formers yet constructed have been built (GE) with 
ratings of 45,000 kva self-cooled and 60,000 kva 
with air blast. With a total weight of 393,000 Ib, 
it was necessary to ship them in nitrogen in special 
low slung tank cars. 

- Transformers have been supplied (AC) with a low 
pressure system for automatically maintaining inert 
gas protection without chemicals or moving mechani- 
cal parts. The system involves an oil seal in an ex- 
pansion tank which isolates the inert gas from the 
atmosphere and permits considerable change in oil 
level in the main tank with slight change of pressure. 
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In the field of load ratio control, a new type UT 
tap changer (W), smaller and less expensive than its 
predecessors, applicable to stnall transformers and 
capable of operation under short circuit, has been 
actively supplied. A quick operating automatic 
tap changer (AC) has been developed for large 
distribution and small power transformers up to 
15 kv. Two 40,000-kva 3-phase regulating trans- 
formers.(W), simultaneously controlling regulation 
of phase angle and voltage, were installed in New 
York. A self-contained automatic step voltage regu- 
lator (GE) is available for 3-phase rural circuits of 
50 amp at 4,800 to 13,800 volts. 

Self-contained surge-proof distribution trans- 
formers employing de-ion gaps (W) have been 
extended to the 4,800 and 6,900 volt classes. The 
line of self-protecting stud-type-bushing distribution 
transformers (AC) has been supplemented with pro- 
visions for mounting surge diverters either internally 
or externally. 

Pyranol (GE) and inertol (W) non-inflammable 
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non-explosive mediums, developed to replace mineral 
oil where other methods of preventing fires are not 
practicable, have been developed and applied to 
low-voltage network transformers. 


Mercury ARC RECTIFIERS 


Tables II and III give general data on mercury 
are rectifier activities during the year. Nine of the 
3,000-kw 625-volt sectional rectifiers (W) men- 
tioned in last year’s report were ordered by the 
New York Board of Transportation. 

An innovation in the rectifier field was the equip- 
ment of a standard 3,125-kw 625-volt railway recti- 
fier with automatic grid voltage control (AC). A 
constant d-c voltage is held independent of load and 
supply voltage variations. 

Ten of the New York Board of Transportation 
3,000-kw rectifiers (GE) were placed in service, 
supplying power for the operation of the 8th Avenue 


Subway, New York. 


Electrochemistry and Electrometallurgy 


ANNUAL REPORT OF THE COMMITTEE ON ELECTROCHEMISTRY 
AND ELECTROMETALLURGY* 


of many organizations have been curtailed 

considerably during the past year, several 
developments have been brought forward which are 
worthy of record. Those which have been brought 
to the attention of committee on electrochemistry 
and electrometallurgy are mentioned briefly here. 


Was: the engineering and research activities 


HicH TEMPERATURE STEEL TREATING FURNACES 


Development work is being carried out actively to 
meet the increasing demand for industrial furnaces in 
steel treating work where temperatures of 2,000 to 
2,500 deg F are required. Inductive methods of 
heating in some cases work out very satisfactorily; 
in other cases, resistance heating, either by direct 
conduction or by radiation, will meet the require- 
ments better. There is a definite field for the electric 
furnace in this temperature zone, and progress is be- 
ing made in filling it satisfactorily. 


ELECTRIC FURNACE IRONS 


_ The term “electric steel’”” has denoted for a long 
time superior steels made in the electric furnace. 


*COMMITTEE ON ELECTROCHEMISTRY AND ELECTROMETAL- 
LURGY: W.C. Kalb, chairman; Herbert Speight, vice-chairman; J. C. Hale 
secretary; Lawrence Addicks, P. H. Brace, L. W. Chubb, F. G. Clark, S. K, Colby, 
G. W. Elmen, W. E. Holland, F. A. Lidbury, R. G. Mansfield, K. L. Scott 
N. R. Stansel, Magnus Unger, H. B. Vidal, G. W. Vinal, J. B. Whitehead. 
J. L. Woodbridge, and C. D, Woodward. ‘ 


The comparatively new term “electric furnace iron”’ 
denotes superior grades of cast irons which are the 
products of the electric furnace. The main feature 
in the production of these irons is the heat treatment 
of the molten metal at temperatures beyond the 
range of the cupola. These new irons are marked by 
high tensile strength and uniformity. The growing 
demand for these products of the electric furnace is 
enlarging materially the field of electric heat for 
producing molten metal. 


LITHIUM 


The production of lithium now has been estab- 
lished on a commercial basis in this country. This 
metal is being used as a hardener for aluminum and 
lead alloys. It is being used also as a superscav- 
anger in ferrous and non-ferrous metal production, 
and in the degasification of copper. The latter 
application is of special importance to electrical en- 
gineers in connection with the manufacture of high 
conductivity copper. 


PROCESS REGULATION 


Manual control of hydrogen ion concentration in 
flotation, electrolytic reduction, and refining plants 
is expensive, slow, and inaccurate. Two schemes 
have been worked out for the automatic regulation or 
control of hydrogen ion concentration which employ 
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photoelectric tubes in such a manner as to avoid 
errors caused by line voltage variation, temperature 
variation, or changes in tube characteristics with age. 
Both of these schemes supply an adjustable inopera- 
tive time during which a correction is allowed to 
take effect before the regulator is permitted to at- 
tempt a second correction. This equipment should 
find application not only in the control of hydrogen 
ion concentration but in control of color or opacity of 
a solution which is affected by a single varying chemi- 
cal. 

Accurate control of high temperature has been 
made possible by the development of a high tem- 
perature indicator and regulator employing the elec- 
trical conducting characteristics of certain refractory 
materials at high temperatures. The refractory ma- 
terial receives radiant energy direct from the 
material whose temperature is to be regulated, and 
thus the resistance of the refractory material is pro- 
portional to the temperature. The material is 
placed in a bridge circuit which is balanced for the 
desired temperature or resistance of the refractory 
material. Any deviation from this temperature, 
of course, unbalances the bridge circuit and the 
unbalanced current is amplified and used to control 
the power input to the furnace in order to bring the 
temperature back to the desired value. 

Operating power costs have been decreased by the 
application of power regulators to improve the load 
factor of a plant. In electrolytic plants it has 
proved practicable to raise the load factor to 100 
per cent thus obtaining a minimum power cost for 
producing a given amount of product, since the total 
kilowatthours are regulated to equal the past average 
kilowatthours. 

Electrolytic cell efficiencies have been increased by 
the application of constant current regulators, main- 
taining the cell circuit at the optimum value of cur- 
rent considering both efficiency and production re- 
quirements. 
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ELECTRICAL PRECIPITATION 


In addition to those fields of application where 
electrical precipitation processes have been used in 
the past, these processes have recently been adapted 
to problems of gas cleaning in iron blast furnace and 
paper mill operations. . 

Progress has been made in the development of hot 
cathode vacuum tubes for high voltage rectification 
for electrical precipitation. Voltages up to 100 kv 
have been successfully rectified, though this is in 
excess of the normal requirements for precipitation, 
which does not exceed 75 kv. The field for high volt- 
age rectification is not confined to electrical precipita- 
tion, for X ray applications, cable testing, and 
electrostatic separation schemes all require such a 
supply. 

ELECTROLYTIC HYDROGEN 


During 1932 a 6,500-kw 650-volt mercury arc 
rectifier was put into service for producing hydrogen 
by electrolysis. This rectifier consists of 2 3,250-kw 
tanks operating from one transformer. A primary 
regulating transformer provides a range in the d-c 
voltage from 600 to 670 volts. This equipment is 
used in a new atmospheric nitrogen fertilizer plant, 
and has been in successful operation for about a year. 


ELECTRICITY IN CHEMICAL PROCESSES 


Application of electricity to chemical processes was 
reviewed by Dr. Colin G. Fink in an address which 
proved to be the salient feature of the session spon- 
sored by this committee at the 1933 winter conven- 
tion. In this address Doctor Fink presented much 
valuable data relative to the use of electrical power in 
chemical and metallurgical industries. The ad- 
dress having been published in the March, 1933, 
issue of ELECTRICAL ENGINEERING (p. 151-4) no 
repetition of the data is included in this report. 


General Power Applications 
ANNUAL REPORT OF THE COMMITTEE ON GENERAL POWER APPLICATIONS* 


LTHOUGH industrial activity as a whole was 
A at a low ebb during 1932, a considerable amount 
of development and rehabilitation work was 
carried on by certain industries. Industries are 
broadly classified as those producing capital goods 
and those producing consumption goods. During 
a depression there is little demand for new construc- 
tion and capital goods but the demand for consump- 
tion goods remains fairly constant. There will 
*COMMITTEE ON GENERAL POWER APPLICATIONS: C. W. Drake, 
chairman; A. H. Albrecht, E. A. Armstrong, James Clark, Jr., J. F. Gaskill, 
John Grotzinger, T. Hibbard, Fraser Jeffrey, A. E. Knowlton, A. M. Mac- 


Cutcheon, H. A. Maxfield, John Morse, N. L. Mortensen, D. M. Petty, H. W. 
Rogers, L. D. Rowell, L. M. Shadgett, W. K. Vanderpoel, and M. R. Woodward. 


probably be little demand in the near future for the 
expansion of plant capacity but it is evident that 
many existing plants must be remodeled and brought 
up to date if they expect to meet competitive condi- 
tions. Of the companies manufacturing consump- 
tion goods many have already appreciated that with 
the narrowing margin of profit their position and 
success depends very largely on the continuous 
reduction of their manufacturing costs and improve- 
ment in their product. The trend of the times is 
consequently toward increased economy of produc- 
tion and improved process control resulting in a 
better product at a lower cost and it is along these 
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lines that the industrial engineers are working at 
the present time. It was consequently the opinion 
of the Institute’s committee on general power appli- 
cations that papers requested or sponsored by it 
should as far as possible present material which 
would be helpful and of value along the above lines. 

The committee sponsored a session at the 1932 
winter convention of the Institute at which 3 engi- 
neering papers were presented together with an 
introductory address by Crosby Field (A’14, F’22) 
entitled ‘‘Economic Conditions and the Engineer.” 
The latter was published in full in the March 1933 
issue of ELECTRICAL ENGINEERING, p. 149-51, 
and presents some very interesting and instructive 
comments on our present economic situation. The 
technical papers presented at the convention were as 
follows: 


VARIABLE VOLTAGE OIL WELL DRILLING EQUIPMENT, by A. H. 
Albrecht 


RECENT DEVELOPMENTS IN ELECTRONIC DEVICES FOR INDUSTRIAL 
ConrtTROL, by F. H. Gulliksen 


Circuir BREAKER PROTECTION FOR INDUSTRIAL Circuits, by H. J. 
Lingal and O. S. Jennings 


Instead of attempting to abstract information 
regarding the numerous developments in industrial 
apparatus or regarding industrial applications the 
committee feels that members interested in such 
equipment can readily obtain such information di- 
rectly and more completely from the various periodi- 
cals, but the committee does desire at this time to 
indicate the trend or nature of some of these more 
important developments. 


GEAR Motors 


During the last year there have been placed on the 
market a large variety of makes and designs of gear 
motors and these are being extensively used in 
industries on account of the saving in space effected, 
their higher efficiency, and reduced maintenance as 
compared with open gear or belt drives. 


ELECTRONIC CONTROL 


Although the possibilities of electronic control in 
various industrial applications have been appreciated 
-for some time there was a marked increase during the 
last year in the available equipment such as various 
assemblies of photoelectric relays and special devices. 
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The paper presented at the winter session indicates 
some of the advantages and possibilities for such 
equipment in industrial service. Besides the speed 
and accuracy of electronic equipment together with 
the freedom from mechanical friction and mainte- 
nance, numerous applications have been found where 
existing types of equipment could not be used and 
solutions are possible only by means of this newer 
class of apparatus. 


AIR CONDITIONING 


A large amount of engineering attention is being 
devoted to the possibilities of air conditioning, 
especially in connection with households, offices, 
and transportation equipment, and in some cases 
such air conditioning equipment is being combined 
with heating equipment and more especially with the 
oil burning automatic type. 


Motor PROTECTION 


Although fan cooled and explosion resisting motors 
have been previously mentioned, the advantages of 
such equipment are being more widely appreciated 
and many such motors are being installed in the 
open without protection from the weather whereas 
previously special housing and protective equip- 
ment was necessary. One of the most recent de- 
velopments in connection with motor protective 
devices is a thermostat which is mounted on the 
motor so that when the temperature reaches an 
excessive value either a signal is given or the motor 
is shut down depending on how the thermostat is 
connected. This motor thermostat supplements 
the standard thermal relay protection and the 
combination of the 2 devices protects against all 
forms of motor overload. 

In conclusion it is desired to emphasize the fact 
that few of the developments in industry are large 
or spectacular but it is the steady introduction and 
application of these new ideas and developments 
which keep an industry up to date. The fact 
that many plants have not pursued this policy 
accounts for the large amount of obsolete equip- 
ment in industry at the present time and the large 
expenditures which it has been estimated are re- 
quired for rehabilitation in order to modernize the 
various industrial plants so that they can manu- 
facture on an economical basis. 


Instruments and Measurements 
ANNUAL REPORT OF COMMITTEE ON INSTRUMENTS AND MEASUREMENTS* 


URING the year 1932-33, the A.I.E.E. com- 
mittee on instruments and measurements con- 
sisted of 23 active members, (see footnote) 

representing various phases of the electrical industry 
interested in electrical measurements. The active 
work of the committee was taken care of through 7 
subcommittees organized as follows: instrument 
transformers, indicating instruments, telemetering, 
high frequency and sound measurements, tempera- 
ture measurements, definitions of instruments and 
testing, and measurement of transformer exciting 
current. Activities of these subcommittees are sum- 
marized in the first portion of this report. 


INSTRUMENT TRANSFORMERS 


The subcommittee on instrument transformers was 
engaged in completing the revision of the Standards 
for Instrument Transformers. The report made at 
the October meeting of the committee was accepted 
and the standard circulated to the members for letter 
ballot. 
most all the members were ready to approve the 
revision with certain minor changes. These are 
being made, and the revision will be submitted to 
the A.I.E.E. standards committee for accept- 
ance. 

This standard has entailed considerable work on 
the part of the subcommittee, and led to rather wide 
discussion of suggested changes in the definition of 
“phase angle for instrument transformers,’ which 
later was taken up by the standards committee. 


INDICATING INSTRUMENTS 


The Indicating Instrument Standards No. 33 has 
been under consideration for revision by this sub- 
committee. The work was advanced to the stage 
where a draft was circulated to the membership of the 
main committee for comment. Based upon the 
replies, an approved draft now is being prepared and 
will be ready at an early date for submission to the 
standards committee. 

Recently the American Standards Association ap- 
pointed a sectional committee to consider the adop- 
tion of the Institute standards as an American stand- 
ard. It is expected that the revised issue will be the 
basis for discussion by this sectional committee on 
which the instruments and measurements committee 
has 3 representatives. 


TELEMETERING 


The subcommittee on telemetering during the 
past year has devoted its work primarily to following 


*COMMITTEE ON INSTRUMENTS AND MEASUREMENTS: E. J. Rutan, 
chairman; H. C. Koenig, vice-chairman; R. T. Pierce, secretary; H.S, Baker, 
R. D. Bean, O. J. Bliss, P. A. Borden, H. B. Brooks, A, L. Cook, E, D. Doyle, 
W. W. Eberhardt, Marion Eppley, W. N. Goodwin, Jr., I. F. Kinnard, O. A. 
Knopp, A. E. Knowlton, W. B. Kouwenhoven, F. A. Laws, E. S. Lee, J. B. 
Lunsford, Paul MacGahan, W. J. Shackleton, and H. L. Thomson. 


The result of this ballot indicated that al- 


new developments in its field. At the summer con- 
vention in 1932, it submitted, in cooperation with the 
automatic stations committee, ‘‘A Report on Tele- 
metering, Supervisory Control, and Associated Com- 
munication Circuits” (see ELECTRICAL ENGINEERING, 
v. 51, September 1932, p. 613-20). This report is a 
comprehensive survey of available systems, and 
will serve as a standard of reference for several 
years. 


HiGH FREQUENCY AND SOUND MEASUREMENTS 


The subcommittee on high frequency and sound 
measurements is working with a committee ap- 
pointed by the Standards Committee to draft defini- 
tions and standards for sound measurements. 
Through the efforts of this subcommittee, an in- 
formal session on sound measurements was held 
during the 1933 winter convention, and at the sum- 
mer convention a paper on that subject was pre- 
sented representing the progress in that field to date. 
Activities in the field of high frequency measurement 
were outlined by this subcommittee, but, because of 
present conditions, completion of several intended 
studies was delayed. This work had to do with 
measurements of resistance, voltage, and current. 


TEMPERATURE MEASUREMENTS 


Work planned by this subcommittee included the 
preparation of a standard code for temperature 
measurements. Considerable data have been col- 
lected, but will require additional study before the 
preparation of a tentative draft. It is expected, 
however, that during the coming year this work will 
be completed and made available for the Insti- 
tute. 


DEFINITIONS OF INSTRUMENTS AND TESTING 


As reported last year, the work of this subcom- 
mittee was completed and these definitions sub- 
mitted to the working committee. Since that time, 
the definitions have been published. It has been 
recommended recently that several terms that have 
not been defined in these definitions be included; 
these definitions are to be presented to the working 
committee for their consideration. 


MEASUREMENT OF TRANSFORMER 
EXCITING CURRENT 


The transformer subcommittee of the electrical 
machinery committee transmitted to the instruments 
and measurements committee a request to prepare 
suitable methods for measuring exciting current of 
transformers when excited with other than pure sine 
waves. The subcommittee on measurement of 
transformer exciting current undertook this work 
and reported a suitable procedure at the April 
meeting; this was adopted and has been forwarded 
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to the transformer subcommittee for their use. 
The report includes a recommended method, but 
also discusses other methods available and their 
limitations. 


REVIEW oF A.S.M.E. CoDE 


In addition to the foregoing work, the instruments 
and measurements committee reviewed a test code 
prepared by the American Society of Mechanical 
Engineers dealing with electrical instruments. This 
work was speedily completed and approval given so 
that A.S.M.E. could undertake publication of this 
material, which already was in final proof form. It 
was brought to the attention of the standards com- 
mittee that it would be desirable to arrange to have 
the A.S.M.E. refer to A.I.E.E. standards and codes 
for such information rather than prepare their own 
publications in this field. It is understood that this 
suggestion has received favorable consideration. 


INSTRUMENTS AND MEASUREMENTS 
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FUTURE WORK 


In addition to the present activities, a suggestion 
was made that the instruments and measurements 
committee undertake the study of methods for 
surge voltage measurements. This suggestion is an 
outcome of papers presented under the auspices of 
the committee at the 1933 winter convention, and 
the ensuing discussion. 

Considering conditions that exist, the work of the 
instruments and measurements committee has shown 
hardly any curtailment. It is felt that such activity 
is a result of the efforts of the vice-chairman, the 
secretary and the chairmen of the subcommittees 
who have carried on their work so that several 
important projects have been completed. There is 
no doubt that the present membership of this com- 
mittee is an active one and of sufficiently broad 
connections so as to be productive of further good 
work in the future. 


Iron and Steel Production 
ANNUAL REPORT OF THE COMMITTEE ON IRON AND STEEL PRODUCTION* 


hold in the industry, has there been so little 

activity in main roll drive equipment. When 
the industry is operating at 15 per cent of capacity 
there is no justification for the comparatively large 
expenditures involved in the installation of new 
mills. However, periods like the present empha- 
size the need for reducing costs wherever possible; 
in many instances expenditures for modernizing 
auxiliaries have been more than justified even at 
present production, for the resultant saving. 

The main roll drives installed during the year 
consist of: a 3,000-hp 6,600-volt 60-cycle motor 
driving a sheet bar mill; a 500-hp 2,200-volt 60- 
cycle motor driving a 10 in. merchant mill; a 1,000- 
hp a 600-hp and 2,400-hp d-c motors driving cold 
roll mills and 1,200-hp and 600-hp motors on cold 
roll strip mills. 

The sheet and tin section of the industry seems 
to be going through a violent awakening, and has 
shown much activity, evidenced by the installation 
of automatic furnace and catcher equipments, cold 
strip mills, continuous gaging equipment, automatic 
length measuring apparatus, bright annealing fur- 
naces and so forth. 

A considerable number of automatic catcher equip- 
ments for sheet mills have been installed. Due to 
the extremely rapid operating cycle on these devices, 
requiring the driving motors to reverse up to a 
maximum of 40 times per minute, it has been neces- 
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iz NO YEAR since electrification gained a foot- 


sary to develop special motors and control equip- 
ments. The majority of these equipments have 
employed fan cooled squirrel cage a-c motors, but 
for some mills adjustable speed, d-c motors have 
been used. 

While automatic catcher equipment for 2-high 
mills was first introduced a year or 2 ago, auto- 
matic and manually controlled equipment was 
developed this year for the 3-high sheet mills. 

In this field the photoelectric tube has been ap- 
plied in some cases as a limit switch to control the 
automatic operation of the catcher equipment. It 
has also been used in connection with a pack meas- 
uring device consisting of a Selsyn generator geared 
to the mill and a Selsyn receiver connected to a 
pointer revolving about a dial to give automatically, 
a fairly exact indication of the length of a sheet after 
each pass. This indication permits faster rolling, 
increases of from 5 to 10 per cent having been re- 
ported where adequate heating capacity is available. 
It also reduces the scrap percentage because it indi- 
cates to the roller after each pass, what elongation 
has been effected during that pass and finally indi- 
cates on the last pass, whether or not the pack is 
long or short. 

Catcher motor and control equipment is under- 
going continual improvement. Motors can be sup- 
plied taped for several combinations of winding 
producing various values of torque and rates of 
acceleration and deceleration. When rolling loose 
packs it is necessary to artificially slow up the rates 
of acceleration and deceleration of the chain con- 
veyor motors and this can be accomplished either 
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by the above mentioned method of changing the 
motor winding, through a semipermanent 3-phase 
resistor in the motor circuit or by a saturable reactor 
in the common circuit of the 2 chain conveyor motors. 
Each phase of this reactor will have an a-c and d-c 
winding and the reactor is designed to develop a 
high value of reactance when the d-c circuit is 
open. When either the forward or reverse contac- 
tors close, d-c excitation is applied to the reactor. 
The effective reactance of the reactor then decreases 
as the direct current builds up in the excitation 
winding. By varying the strength of this current 
with an adjustable rheostat, the time of reversal 
can be readily adjusted from 3 to 10 cycles to allow 
the maximum speed of reversal without slippage; 
that is, if a motor ordinarily reverses in 10 cycles 
this device permits increasing the time from 13 to 20 
sec. The chief advantage of the reactor method 
over the resistor method is that the slow down is 
readily adjustable. 

Automatic tension reels have been applied in wire 
plants where a squirrel cage motor was designed to 
operate beyond the peak in the torque curve; that 
is, as the slip increases the torque from the motor 
decreases. When the reel is approaching its filled 
point, the torque delivered from the motor shaft is 
less at the speed required than when the reel is 
partially filled. This condition exists because the 
windage and friction at the higher speed plus the 
torque necessary to give the proper tension, requires 
a higher torque from the motor than that required 
to maintain approximately the same tension at the 
lower speed, with the increased lever arm. 

The measurement and control of temperature dur- 
ing rolling operations, especially with alloy steels is 
an important factor in the gage or finish of ma- 
terial. The photoelectric tube pyrometer utilizes 
the radiation from the hot metal as indications of 
temperatures above 1,500 deg F. Relay devices 
can be actuated to perform whatever service is re- 
~ quired. 

Gear motors, consisting of standard a-c or d-c 
motors with built-in gear systems have been de- 
veloped for light runout tables and similar appli- 
cations. Thrustors, a device for producing straight 
line motion, continue to find new applications. 

‘Bell’ type electric furnaces have been developed 
for bright annealing wire and strip of either copper, 
copper alloys, or steel. Continuous type furnaces 
for similar purposes have been built for material 
that represents bulk rather than weight. Atmos- 
pheres in either type are of a protective nature to 
prevent oxidation of the material being heated. 

Development continues in the use of high fre- 
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quency current, on the order of 1,000 cycles, for in- 
ductively heating materials for annealing, normaliz- 
ing, or forging. The probabilities are that this 
method will gain in favor in the future, as the 
advantages in this type of heat treating and anneal- 
ing are exploited. 

A great number of devices and developments 
common to all industry are being used to advantage 
in the steel industry. Among them are control 
using gas or mercury vapor hot cathode electronic 
tubes for resistance welding of the intermittent 
type; de-ion grids for oil circuit breakers and 
ordinary safety switches; de-ion air circuit breakers 
rated as high as 1,200 amp., 7,500 volt, for main roll 
drives; X ray equipment for radiographic examina- 
tion of thick sections of metal and numerous others 
of like importance. 

Coated welding electrodes, which are now avail- 
able in both rod and coiled form, for general as well 
as certain specific applications, have been improved 
to secure penetration with a lower current, thus 
avoiding the “‘spattering’’ known as undercutting. 

While there has not been a great amount of 
progress in the exchange of power between steel 
plants and central stations, the margin between the 
costs of power generated from the by-product heat 
from the basic operations of steel making, and power 
generation by central station steam and hydroelec- 
tric facilities, has steadily narrowed. The prob- 
abilities for the future are toward the use of all 
possible available by-product heat in steel heating and 
treating operations and the purchase of power, 
rather than the generation of power from the by- 
product gases, and the purchase of auxiliary fuels 
for heating and treating operations. ; 
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Power Generation 
ANNUAL REPORT OF THE COMMITTEE ON POWER GENERATION* 


OLLOWING the intention announced in last 
K year’s report, the A.I.E.E. committee on power 

generation* continued to promote the dis- 
cussion of matters in the field of electric power 
generation from a retrospective and generally ana- 
lytical viewpoint, for the particular purpose of 
weighing recent tendencies in design to the end that 
profitable avenues of progress may be revealed and 
utilized when capital investment again is resumed 
on a hitherto normal scale in the construction of 
power-generating facilities. The committee does 
not believe that the present lull in construction ac- 
tivities should result in a stagnation of the directive 
thought that will be responsible for the design of 
power stations in the future, nor in the entire diver- 
sion of such ability to the problems of minor improve- 
ments and operation under reduced output, com- 
mendable and necessary as such duties may be. 
It is glad to report a very real interest among re- 
sponsible engineers in the consideration of the 
major principles governing the economic generation 
of power, and to note that fundamental thought 
and work are being actively continued. 

The committee calls attention in this report to 
4 papers’ presented at the 1932 A.I.E.E. summer 
convention, Cleveland, Ohio, that discuss current 
practices in the operation of power systems which 
include several generating plants. The success in 
the operating interconnection among a group of 
plants to supply a load area has been one of the 
notable achievements in the last decade in the field 
of power generation. These 4 papers summarize 
present ideas about the most effective methods of 
operating such systems to obtain maximum reliability 
in service and minimum operating cost. They also 
indicate a reduction in operating expenses on repre- 
sentative power-generating systems in the immediate 
past, and give assurance that the improvement in 
operating economy has not been at the expense of 
unjustified carrying charges. 

A group of 4 papers**,°,°%°8 on hydroelectric power 
generation (presented at the Baltimore, Md., district 
meeting, in October 1932) included: a comprehensive 
survey of the economics of water power develop- 
ments; analyzed the possibilities of the regenerative 
type hydroelectric plant; discussed the develop- 
ment of the latest design of water turbine; and de- 
scribed a recently constructed plant of large magni- 
tude that contains the most powerful Kaplan tur- 
bines yet built and the largest in physical dimensions 
so far installed on this continent. A notable hydro- 
electric plant on the St. Lawrence River of unusual 
magnitude and incorporating novel features for the 
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production and distribution of 25- and 60-cycle 
energy is discussed in a paper*! presented at the 
1933 summer convention. ve 

The salient features and the economics of high 
pressure and high temperature steam-electric power 
plants were analyzed in a paper*® presented at the 
1933 winter convention. In the discussion mention 
was made of the modern method of fabricating pres- 
sure vessels by means of the electric arc. 

Although the volume of generating plant construc- 
tion is small in the plants that have been designed 
recently, contemporary ideas as to economy in in- 
vestment and operation are developed to an extent 
that is probably in advance of anything hitherto 
attempted. Progress in the use of large boilers and 
turbines operating at 1,300 lb per sq in. and 850 
deg F with a ratio of one boiler per turbine is ex- 
emplified by the Port Washington plant of the Mil- 
waukee (Wis.) Electric Railway and Light Company. 
The design of this plant is described in a paper*? 
presented at the 1933 A.I.E.E. summer convention. 
Another paper‘? presented at the same convention 
discusses the rehabilitation of a low pressure steam 
power plant on a large system, which had been prac- 
tically retired except for peak service. This re- 
habilitation was accomplished by installing a tur- 
bine to operate with throttle steam at 655 lb per sq 
in. and 850 deg F, and to exhaust at pressures up to 
220 lb per sq in. into the mains that supply the low 
pressure turbines. The compounding of the new 
turbine upon the old station has made an almost ob- 
solete plant the most efficient on the system. 

A subcommittee under chairmanship of F. H. 
Hollister has in preparation a symposium on the 
subject “Switching Energy at Modern High-Capacity 
Generating Plants,’ which is contemplated for 
presentation at the 1934 A.I.E.E. winter convention. 
Experience during the more recent years where par- 
ticular generator, bus, and switching arrangements 
are used, will be analyzed, the limitations discussed, 
and the probable trends noted. : 

The committee recommends also that the subject 
of regenerative hydroelectric plants presents oppor- 
tunity for the assembly of valuable experience de- 
rived in European plants. The use of this type of 
plant has been more extensive in Europe than in this 
country, but some engineers believe that the future 
will witness an increasing number of such plants in 
the United States. 

The custom of the committee has been to prepare 
a detailed progress report and bibliography in its 
field at biennial intervals; the remainder of this re- 
port therefore summarizes matters of interest that 
have developed or culminated in the past 2 years. 


I—Volume of Power Generation 


When the 1931 report of the power generation com- 


mittee was written, the United States was suffering 
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from a 2 years’ drought and a business depression. 
By the end of that year rainfall quite generally had 
become normal. From 1921 to 1929 the amount 
of power generated in public utility plants in the 
United States increased from 41 to nearly 97.5 
billion kwhr, a gain of 138 per cent in 8 years. 
Since 1929 the volume of power generated has 
dropped to 84 billion kwhr, a decrease of 13.9 per 
cent in 3 years. 

Beginning with 1928 to the end of 1931, hydro- 
generated power decreased from a maximum of 
nearly 35.0 to 30.6 billion kwhr, notwithstanding 
that during that period the installed capacity in 
hydroelectric plants increased over 2 million hp. 
Last year was a fairly good water year. Hydro- 
generation increased to near the 1928 figure and 
represented a larger part of the total generation 
than for previous years,-being 40.5 per cent. The 
increase in hydro-generated power with a decreasing 
total volume of generation has caused a heavy loss 
in output from fuel burning plants, a drop of 11.9 
billion kwhr occurring during 1931 and 1932. 


1l—Generating Plant Construction Progress 


Although the volume of generation by utility 
plants has decreased 13.9 per cent in the last 3 years, 
installed capacity in these plants has increased 
5 million kw, or about 20 per cent. The increase 
in steam plant capacity amounted to about 3.5 
million kw, and in hydroelectric stations, to 1.5 
million kw. This large capacity increase represents 
the completion of construction programs under way 
at the beginning of the depression. Work has been 


practically completed on most of the projects ini- 
The present total of 


tiated within the past 2 years. 
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central-station generating-plant construction budg- 
- is lower than in any year during the last dec- 
ade. 

The steam-electric generating plant capacity 
added in 1931 was about !/3 as great as in 1930 when 
over 2 million kw was placed in operation; in 1932 
the new capacity was slightly smaller in amount 
than in 1931. The 1931 installations were about 
equally divided between existing plants and newly 
constructed plants; in 1932, additions to 3 major 
plants comprised practically the entire new steam 
plant capacity placed in operation. Only 2 new 
major steam plants are now under construction; 
large extensions that have been initiated to 2 existing 
steam plants are being postponed. 

In the water power field, the new capacity ini- 
tially operated in 1931 in the United States ex- 
ceeded slightly that in 1930; Canadian installations 
in 1931 also were at or above normal volume. The 
decrease in added capacity in 1932 was very marked 
in the United States when the total of several small 
installations was only about 1/, of the increase in 
1931; the initial operation of the large Beauharnois 
plant in Canada resulted in new capacity there some- 
what in excess of !/3; of that in 1931. Only one im- 
portant project, Boulder Dam, is actively under 
construction in the United States. There are 
several plants, totaling about 750,000 hp, on which 
work was started but has been postponed tem- 
porarily. Not one important contract for hydraulic 
turbines was let in 1932 in the United States and 
Canada, which is an indication of how seriously water 
power developments have been curtailed. This 
year the contract for the Boulder Dam turbines is 
the only major one to be placed. Unless work soon 
is started on some of the larger projects now being 
considered, hydroelectric construction probably will 
be of small volume for the next few years. 


z ~ 
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Photo by Arthur E, Cheesman, New York, N. Y. 


One of the 2 160,000-kw tandem-compound turbine-generators installed in the Hudson Avenue station of the Brooklyn 


(N. Y.) Edison Company during 1932. 


The unit operates at 1,800 rpm, is 85 ft 8 in. long, 24 ft wide, and stands 24 ft above 
floor line 
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lii—Interconnection 


While the interconnection of power systems al- 
ready accomplished has continued to promote 
economy in power generation in the 2 years elapsed 
since the last report, but few additional notable 
interconnections have been established. A major 
one has been between the systems of the Niagara- 
Hudson: Power Company (N. Y.) and of the com- 
panies affiliated with the Consolidated Gas Com- 
pany in New York City. This interconnection, 
which has been described in Electrical World of 
July 18, 1931, consists essentially of 4 110-kv cir- 
cuits extending from the Mohawk Valley to a switch- 
ing station at Pleasant Valley, about midway be- 
tween Albany and New York City, at which point 
the voltage is changed to 132 kv. From Pleasant 
Valley 2 132-kv circuits will extend into the New 
York City system through existing 132-kv under- 
ground cables. The Pleasant Valley transforma- 
tion is by means of 2 banks of auto-transformers, 
each having a capacity of 100,000 kva. Synchronous 
condensers are connected to tertiary windings in 
these transformers. The parties to this intercon- 
nection expect to realize a saving in generating ca- 
pacity requirements by the exchange of emergency 
service. Also, economy flow and storage power 
transactions will be made possible. 

Another interconnection which is noteworthy in 
several respects is the 220-kv interconnection be- 
tween Baltimore, Md., and Washington, D. C., 
placed in service early this year. It consists of a 
tap on the 220-kv single circuit from the Safe Harbor 
hydroelectric development to Baltimore. It has 
been justified primarily by storage power transac- 
tions; that is, it in effect creates additional generat- 
ing capacity by the proper manipulation of the steam 
generation and hydroelectric storage. This inter- 
connection of course, also, will serve for the purposes 
of emergency service and economy flow. 

During the past 2 years, power system operators 
have been more largely concerned with improve- 
ments of operating technique and a careful combing 
over of possible economies that might be realized 
from existing interconnections. 


FREQUENCY AND T1Iz LINE LoAD CONTROL 


One of the problems that has been receiving con- 
siderable attention, especially where several systems 
covering an extensive area with many power sta- 
tions are involved, has been that of tie-line power- 
flow control with its related subjects of frequency 
and time control. The admirable papers of Sporn 
and Marquis, and of Purcell and Powell (see bibli- 
ography) exemplify the thought that has been given 
to this problem, and portray its status. 

Elementally in a group of interconnected systems, 
where control of the tie line flow is necessary be- 
cause of physical limitations or desired in order to 
meet contractual requirements, frequency (and time 
indication) must be regulated by some one system. 
Tie line flow is regulated by the other systems— 
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U. s Bureau of Reclamation Photo 

Boulder Dam, looking upstream through Black Can- 

yon toward damsite, prior to beginning of excava- 

tion of middle gorge. The first concrete was poured 
early in June 


each regulating the flow in only one designated tie 
line, usually in one of the lines with which it is 
directly connected—by variation of generator phase 
angle through governor control. 

If 2 or more of the interconnections form a loop, 
the foregoing regulating scheme must be supple- 
mented by a phase shifting device in one of the 
interconnections forming a part of that loop. The 
flow in one of the interconnections of that loop, 
usually although not necessarily the one in which the 
phase shifter is situated, must be controlled by the 
phase shifter. 

In some groups of systems, manual operation 
under such a plan is satisfactory, ‘especially where 
the controlled quantities are indicated on meters 
before the eyes of the respective operators control- 
ling those quantities as against being relayed to them 
by telephone messages from distant points. In 
other interconnected groups, where conditions are 
not so favorable, the transient conditions caused by 
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load variations and emergency conditions impose 
load swings on the frequency regulating station or on 
the tie lines, which exceed the limits of the equip- 
ment or are otherwise undesirable. 

To the extent that these difficulties are caused by 
the limitations of manual control; automatic fre- 
quency control and tie-line load control devices 
have been developed and successfully applied. 
Where the difficulty has been the inability of the 
frequency regulating station to handle its task, 
effort has been directed toward distributing the 
frequency regulating function to several stations in 
different parts of the interconnected system. Auto- 
matic frequency regulators so distributed have been 
adjusted to operate successfully in parallel and, aside 
from distributing the frequency regulating burden, 
have eliminated erratic behavior of tie line flow. 
But where complete tie line control also is desired, 
they must be coérdinated in their operation with 
tie-line load control devices. Development work 
on such coérdination is in progress. 

In the case of tie line control, whether it be manual 
or automatic, difficulties arise when the controlling 
station is remote from the controlled point; perhaps 
telemetering principles will be resorted to in such 
cases. A case in point is an interconnection in 
northern New Jersey between the systems of the 
Public Service Electric and Gas Company and the 
New Jersey Power and Light Company, the flow 
over which at times is being regulated by the Cono- 
wingo hydroelectric plant in Maryland some 130 
miles away. Communication between the con- 
trolled and the controlling points is by telephone. 
The control, of course, is rather rough, but further 
refinements in this case are not warranted. 


PHASE SHIFTERS 


The problem of power flow control in intercon- 
nection loops referred to previously will become of 
_ increasing importance if and when business condi- 
tions warrant the installation of additional inter- 
connections between. systems which at present are 
directly or indirectly interconnected. 

Phase shifting by quadrature additions to voltage 
either in the interconnection transformers themselves 
or in separate series units is, of course, technically a 
very satisfactory solution. But such equipment 
adds considerably to the cost of an interconnection 
and may make it uneconomic. Consider the case 
of Company A which for several years has had a 
low voltage interconnection with Company 8B; 
Company C, which is interconnected with Company 
A, desires to establish a large, important, high volt- 
age interconnection with Company D, which in turn 
is tied in with Company B. The loop thus formed 
renders some one of the original interconnections 
inoperative, unless phase shifting equipment be in- 
stalled. Since the cost of phase shifting equipment 
is proportional to the size and voltage of the inter- 
connection, the cost of installing such. equipment in 
the new interconnection may be prohibitive; per- 
haps it may be installed less expensively in one of 
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the older ties. If so, questions of ownership, financ- 
Ing, cost responsibility, and codperative control 
become complicated. 

In some cases it may be possible to omit phase 
shifters, if the resulting uncontrolled power flow is 
physically tolerable and if satisfactory contractual 
and billing arrangements among the companies in- 
volved can be made. Contractual difficulties usually 
are slight when only 2 companies are involved, but if 
there are 3 or more companies in the loop, such 
solutions are not always available. 

Note should be made of the rather large phase 
shifting transformers in use by the Texas Power and 
Light Company at their Temple substation, as de- 
scribed in the Electrical World, November 22, 1930. 
Transformers of this type can be arranged to serve 
either as phase shifters or as voltage-ratio changers, 
which may be desirable as changes in contractual or 
corporate relationships occur. So far as known the 
largest phase shifter yet built will handle the output 
of a 100,000-kva 26/66-kv transformer bank on a 
feeder between the State Line and Calumet sta- 
tions in Chicago, IIl. 

It is to be expected that if improved business con- 
ditions’ bring about additional interconnections, 
phase shifting devices will be required in more cases 
than in the past. Even where loops are not formed, 
the possibility of their occurring at a future time 
may call for designs which will permit the later in- 
stallation of phase shifters. 


TIME REGULATION 


Either by directed effort, or as a result of the in- 
stallation of automatic equipment to facilitate power 
flow control, the time regulation of some systems 
has reached a point which is beyond practical re- 
quirements. The systems of the North Atlantic 
seaboard are operating with a time error not exceed- 
ing 20 sec. Another group of interconnected sys- 
tems is said to be capable of operating with a fre- 
quency deviation not exceeding 1/4 cycle (at 60 
cycles) and a cumulative time error of not to exceed 
3 sec. 


ECONOMY 


The general search for savings in all branches of 
power system operation has not slighted any pos- 
sibility for such savings arising from interconnection. 
There has been increasing appreciation of the be- 
havior of power station production expense, par- 
ticularly in the matter of distinguishing between 
those costs that are proportional to output and those 
that are not. The article on “Calculating Savings 


from Power Interchange” by E. C. Brown, appearing 


in the Electrical World of February 20, 1932, outlines 
in considerable detail the methods used in deter- 
mining savings in the Connecticut Valley Power 
Exchange. P. B. Juhnke, in Electrical World, 
August 22, 1931, outlines perfections which have 
been made in the contractual relations of the com- 
panies operating in the Chicago district. 
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Pleasant Valley (N. Y.) substation of the New York Power & Light Company, where the Niagara-Hudson and New York Edi- 
son transmission systems are interconnected through 2 banks of 110/132-kv 100,000-kva auto-transformers 


NOMENCLATURE 


As a result of discussion of the 1930 summer 
convention papers, the joint subcommittee on the 
subject of interconnection (formed by representa- 
tives of the committee on power generation and 
other interested committees) has formulated defini- 
tions of the various types of service rendered by inter- 
connecting facilities. The joint subcommittee, how- 
ever, has not yet taken steps toward their official 
adoption. 


INDUSTRIAL INTERCONNECTIONS 


Exigencies of the time have occasioned consider- 
able study of the principles of interconnection be- 
tween utility systems and the power plants of in- 
dustrial customers. Industries utilizing quantities 
of process steam or having available by-product 
fuel have shown continued interest in by-product 
power production by the installation of high pres- 
sure boilers with extraction turbine-generating ap- 
paratus. This development frequently results in 
the definite codperation between industry and utility 
in the production of both steam and electric power. 
To the several notable instances mentioned in the 
1931 report of the powet generation committee 
should be added that of the Schenectady mercury- 
vapor-steam plant which is interconnected with the 
lines of the local utility. Principles involved in 
analyzing the services and economic results of such 
interconnections do not differ from those which 
apply to interconnections between power companies. 
However, in arriving at contractual arrangements 
with such industrial plants, the commercial policies 
of the power companies cannot be overlooked. 
There must be co6rdination between these arrange- 
ments and the rate schedules of the companies. 
The universality of rate schedules interferes with a 
full general application of inter-utility interconnec- 
tion principles to dealings with customers. While 
many special arrangements have been entered into 
with industrials, they have been principally with the 
larger plants. It is felt that interconnection with 
the many smaller industrial plants must be ap- 
proached more from the standpoint of introducing 
interconnection principles into rate schedule modi- 
fications and applying them generally, rather than 
by a multiplicity of special arrangements with the 
individual consumers. 


I1V—Steam Plant Practice in the United States 


General trends in steam power plant design during 
the last 2 years have been toward plant simplifica- 
tion, rehabilitation, and increased economy of 
operation, rather than to further elaboration in new 
or existing stations. Operating steam temperatures 
have continued to increase and several stations 
now use steam at 800 to 850 deg F. As now ac- 
cepted, the upper limit of steam temperatures is 
850 deg F, but experiments with steam at higher 
temperatures are being carried forward as, for 
example, at the Delray Station of the Detroit 
(Mich.) Edison Company. 

There has been no tendency during the past 2 
years toward the use of steam at higher pressures, 
but during this period several 1,200- to 1,400-lb 
plants have been in successful operation. Only 
minor improvements in the design and construction 
of equipment to operate at those pressures have been 
necessary. While the foregoing is the generally 
accepted maximum pressure range for power plant 
practice today, investigation of steam generation 
at higher pressures has proceeded actively. Ex- 
perimental series drumless boilers for steam pressures 
up to 3,500 and 5,000 lb per sq in., respectively, are 
in their second year of operation at Purdue Uni- 
versity and at the plant of a boiler manufacturer. 
Studies have been made of heat transfer, of the flow 
of water-steam mixtures, and of the heat content 
of steam at high pressures. Several manufacturers 
have constructed steam generators for pressures as 
high as 2,500 Ib per sq in. and for temperatures up 
to 1,000 deg F, for producing relatively small quan- 
tities of steam to be used in testing instruments and 
fittings. Experience being gained in the construc- 
tion and operation of this high pressure equipment 
may prepare the way for the next increase in com- 
mercial pressures. 


The fact that plants have been and are being oper- ’ 
ated successfully at the higher pressures men-~ 


tioned warrants the further consideration of such 
pressures for new plants and the rehabilitation of 
old plants from the standpoint of first cost, economy 
of operation, reliability, and lack of operating dif- 
ficulties. Since it has been proved that equipment 
can be successfully constructed for temperatures of 
850 deg F, a relatively high economy can be secured 
by the use of 650-lb pressure without reheat. This 
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is due in part to the increased Operating tempera- 
tures that are possible. The adoption of the mer- 
cury cycle in an existing plant is essentially similar 
to the superposition of a high pressure (1,300 Ib) 
turbine upon a lower pressure turbine system. 

The trend toward plant simplification is charac- 
terized by the unit assembly arrangement in which 
a turbine is served by a single boiler. With the 
availability factor of modern boiler units rapidly ap- 
proaching that of turbine units, there is a definite 
trend toward the use of boilers of high capacity with 
accompanying reduction in boiler plant investment. 
It is now common practice to install only 2 boilers 
per turbine in large plants, the Charles R. Huntley 
Station No. 2 of the Buffalo General Electric Com- 
pany being an example. Consideration also is being 
given to the one-boiler-per-turbine layout; such an 
arrangement is used in the Port Washington Station 
of The Milwaukee Electric Railway and Light 
Company. There are no size limitations to this 
atrangement, as it is now possible to build a boiler 
unit with a capacity equal to the demands of any 
turbine unit. 


BOILERS 


Boilers are now in successful service generating 
over 1 million lb of steam per hour per unit and it is 
possible, even feasible, to build units of 2 million 
lb of steam per hour each. The steam capacity of 
boilers per foot width of furnace has risen steadily 
until now units are under construction with ca- 
pacities as high as 17,500 lb per hour per foot, and 
units of much greater capacities have been designed 
and proposed. 

The single-pass sectional-header boiler, without 
economizer, air heater or induced draft fan, has 
made some progress in this country for low load fac- 
tor plants, such as steam heating and reserve for 
hydroelectric plants, and for plants having good load 
factors where low cost fuels are used. Single-pass 
converging-header boilers are used with economizers 
-and air heaters for stations that are to operate ata 
relatively high load factor where it is desired to keep 
the draft loss for the unit down to a minimum with 
maximum heat transfer. 

Welded drums now are permitted by the A.S.M.E. 
Boiler Code, making possible great progress in the 
adoption of this construction which is an important 
step forward in boiler design. The individual states 
are rapidly accepting this construction. Explora- 
tion of welded seams by means of X rays and gamma 
rays has kept pace with other advances in the weld- 
ing art. Welded seams in plates up to 4°/,-in. thick- 
ness now can be explored by X rays, and up to 6 in. 
by gammarays. | 

Accurate steam temperature control for all con- 
ditions of load and operation is now desirable in 
many cases, the cost of metals and constructions 
necessitated by prevailing high temperatures mak- 
ing it desirable to operate at the upper design limits at 
all times. A method of such control is by means of a 
desuperheater located preferably in the intermediate 
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position between the upper and lower sections of the 
superheater. The use of intermediate desuper- 
heaters has a further advantage in that the quantity 
of alloy superheater tubes usually necessary when 
higher temperatures are encountered is held to a 
minimum by reducing the temperature of the steam 
before, and not after, it reaches the superheater out- 
let. Another method of temperature control is the 
combination of a convection superheater located in 
the boiler passes with a radiant superheater placed 
on the walls of a furnace designed for a moderate 
heat-release rate per unit of furnace volume. Tem- 
perature control by a swinging baffle in the path of 
the furnace gases, causing these gases to sweep more 
of less superheater surface, also has found applica- 
ion. 

It has been found increasingly important in many 
central station plants to reduce materially the 
quantity of moisture carried over by the steam, and 
to reduce the amount of solids passing through to 
the turbine in order to prevent trouble from the de- 
posit of solids on the turbine blading. One of the 
means by which this is being accomplished is the 
use of a new steam scrubber installed in the boiler 
drum, which washes the outgoing steam with the 
incoming boiler feedwater. Thus the solids, which 
ordinarily: would be carried over by the moisture 
in the steam, are washed out and any moisture 
remaining in the steam is cleaner and freer of 
solids. 


FIRING METHODS 


Methods of firing fuel have undergone no major 
developments during the past 2 years, although in 
many cases conversion has been made from pul- 
verized coal firing, and in instances from stoker 
firing, to gas or oil firing. The completion of pipe 
lines from Texas and Oklahoma to Chicago has in- 
fluenced the use of natural gas throughout the Mis- 
sissippi Valley, in combination oil, coal, or gas 
burners. 

Improvements in large stokers have been apparent 
in recent years. Developments in stoker fired 
equipment include the trend toward larger units and 
the increased use of zoned air-control. The latter 
method of operation results in higher combustion 
rates and steaming capacities of boilers. Tests on an 
experimental stoker installation under Philadelphia 
(Pa.) Electric Company’s No. 8 boiler at Chester 
Station have indicated that a dry coal burning rate 
of about 72 Ib per sq ft of projected grate area could 
be maintained for about 4or 5hr. This represented 
a fuel burning rate of 78 lb per sq ft, resulting from 
the return to the stoker of about 6 Ib per sq ft of 
cinder collected at the back of the boiler. The tests 
indicated that continuous dry coal burning rates 
should be limited to about 60 Ib per sq ft of pro- 
jected grate area. Delray No. 3 of the Detroit (Mich.) 
Edison Company, also by use of zoned air-control 
has increased boiler efficiencies by 3 per cent on 
the average. Air zoning is accomplished by install- 
ing a number of individual wind boxes with adjust- 
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able damper-controlled entrance orifices under each 
retort. Air is in effect measured to each wind box, 
and the metering may be made the basis of auto- 
matic control. 

Underfeed stokers are now available which with 
single-ended firing are capable of handling up to 18 
million Btu per hour in high grade coal per foot width 
of furnace, and pulverized coal burners and furnaces 
now are being installed for single-ended firing as high 
as 25 million Btu per hour input per foot width of 
furnace. 

The slag-tap furnace has proved to be important in 
permitting the most economic design of boiler unit, 
because of the high per- 
missible rate of heat in- 
put per foot width of 
furnace and the lower 
setting height required. 
The slag-tap furnace is 
adapted especially to the 
use of low grade coals. 
There are now in excess 
of 60 slag-tap furnaces 
in operation in this 
country. Difficulties 
initially encountered 
with this type of furnace 
have been overcome by 
the use of water cooled 
furnace floors. 

Difficulties with slag- 
tap furnace installa- 
tions caused by the ex- 
cessive slagging of boiler 
tubes with molten ash 
have resulted recently 
in the development of 
dust screen tubes to 
which studs are welded 
and covered with refrac- 
tory material, for the 
purpose of presenting a 
surface to which ash ereen. 4 
dust would adhere and > igpetating atl 
fuse to the point where | C. Coal inlet 
it would drop off and D. 
thus maintain a stable 
surface. This con- 
struction is being applied also to furnace walls. 

The universal, completely metal-cooled furnace in 
which solid, liquid, and gaseous fuels can be burned 
separately, or in combination, is being approached 
in several large central stations and allowed for in 
others. This design is made possible by the de- 
‘velopment of combination fuel burners for firing 
‘through water-cooled furnace walls; similar burners 
have been used also for vertical firing. 

Progress has been made in both the direct fired and 
the storage system of pulverized fuel firing, each 
method having economic applications which can be 
determined best by a careful analysis of the con- 
ditions under which the plant is to operate. 
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Section of Babcock & Wilcox type B pulverizer 

installed at the Kips Bay station of the New York 
(N. Y¥.) Steam Corporation 

This mill pulverizes 50 tons per hour of 70 grindability coal 


from the Pittsburgh Seam to a fineness of 70 per cent through 
a 200 mesh screen and 98 per cent through a 40 mesh screen 


Pressure regulating springs 
Vertical synchronous motor 
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The construction of a pulverizer with a capacity of 
over 50 tons of coal per hour installed in the Kips 
Bay Station of the New York (N. Y.) Steam Corpora- 
tion was an outstanding development of the period. 
A unique driving mechanism is adapted to the 50-ton 
mill. No gearing is used, and the mill shaft is con- 
nected directly to the rotor of a 500-hp vertical syn- 
chronous motor at 72 rpm. The mill base rests 
directly on the stator frame. To overcome the diffi- 
culty of mill starting, especially when partly filled 
with coal, unusually high starting and pull-in torques 
were specified; overvoltage starting is used to obtain 
these. 

TURBINE-GENERATORS 


The trend toward 
large capacity single- 
shaft turbine-generators 
noted in the last report 
apparently has con- 
tinued in this country, 
although the number of 
machines purchased 
lately has been few. The 
2-cylinder tandem-com- 
pound unit appears to 
be the preferred type at 
present for large capaci- 
ties; a 150,000-kw 3- 
cylinder tandem-com- 
pound unit for 1,200-lb 
pressure and 825-deg F 
initial and resuperheat 
steam temperature was 
delivered in 1932. Five 
vertical cross-compound 
units are in opera- 
tion in this country at 
1,200-lb initial pressure. 

Turbine operating ex- 
perience during the 
past 2 years apparently 
has shown an increased 
degree of reliability 
which can be attributed 
definitely to improve- 
ment in the design of 
turbine details, and not 
to the lessened use of 
turbine-generators. There is concrete evidence that 
breakage of turbine blading because of vibration is 
being diminished. Other difficulties, however, are 
arising in consequence of: the use of higher steam 
pressures and temperatures; greater capacities re- 
quiring higher blade speeds; the desire to keep 
turbine and building investment to a minimum by 
using single-cylinder units of large-output; and in 
some cases, the necessity of operating units at reduced 
load. Troubles caused by these and other factors 
are: the erosion of turbine blading by moisture in the 
steam; deposits on turbine blading; difficulty in 
ae units after shutdown of a few hours; an 
oil fires. he 


E. Stationary rings 
F.. Rotating ring 
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H. Driving yoke 
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While boiler water conditioning or control is 
usually desirable for all pressures, frequent turbine 
outages and reduction in turbine capacity because 
of blade deposits following the use of high steam 
pressure resulted in more emphasis on this phase of 
plant operation. The purpose is mainly for the re- 
duction or elimination of scale-forming and corrosive 
substances from the water, and the maintenance of 
the proper sulphate to carbonate ratio to inhibit 
embrittlement of the boiler metal; although related 
is the prevention of foaming, priming, and carry-over, 
which results in deposits in superheater tubes and 
on turbine blading. 

Tip speeds of turbine blading have been increased 
in recent instances to over 1,200 ft per second. Ero- 
sion of the blading by moisture in the steam in- 
creases with the speed of the blades, and now is 
recognized as a problem requiring solution. A 
comparatively large amount of moisture in the steam 
in the low pressure end of turbines seems to result 
from economic turbine design. Designs have been 
‘made for internal arrangements to drain the moisture 
from the turbine as it forms, but to date such ef- 
forts have been only partially successful. Higher 
initial steam temperatures are beneficial for the pur- 
pose, as well as reheating of the steam during ex- 
pansion through the turbine. In all cases in this 
country except 6 turbines, reheating has been carried 
out with the use of either tandem- or cross-compound 
atrangement of turbine cylinders. Turbine manu- 
facturers are making intensive studies of the re- 
sistance of blade materials to erosion and corrosion. 
Plating and coating of blades, and the attachment 
of strips of erosion resisting materials such as stellite 
to the wearing edge of the blade, have been tried. 
Laboratory tests with steam and water jets have 
indicated promising characteristics for steels which 
were surface-hardened by nitriding. Single tur- 
bines having blades protected by about 30 different 
methods and materials now are being operated to 
compare the endurance of the blades under actual 
operating conditions. 

. The use of higher steam temperatures, reduced in- 

ternal clearances of turbines, turbine cylinders of 
larger capacity, and the necessity of frequent 
stopping and starting have resulted in difficulty in 
the starting of turbines after short idle periods. 
Uuequal temperature distribution throughout the 
turbine following shutdown has caused sufficient 
deformation of the turbine spindle and eccentricity 
of its axis to produce vibration if started in this con- 
dition. The use of a turning gear in conjunction 
with high pressure oil for floating the turbine shaft 
in its bearings has been of service in this connection ; 
this practice has substantially reduced the time 
necessary to bring units to full speed, and has aided 
in maintaining close internal clearances and thus 
improving steam economy. 

Another development along the same line has been 
that of turbine supervisory instruments for remote 
indication of turbine performance. These instru- 
ments will be useful also for outdoor generating 
equipment. The instruments will indicate or re- 
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cord turbine speed, shaft eccentricity, movement of 
parts as the result of temperature changes, vibration, 
and noise intensity resulting from improper con- 
tact of parts. 

Recent oil fires in turbine plants using high tem- 
perature steam have stressed the necessity for 
better safeguards against this type of damage. 
Separation of the oil systems employed for lubrica- 
tion and governing has been proposed, also the 
use of non-inflammable liquids. Redesign of the 
lubricating and governing systems also is being 
considered with the view of strengthening struc- 
tural details and of preventing the access of oil 
to regions of high temperature in the event of 
casualties. 

Welding has found increasing application in plant 
design in addition to the fabrication of boiler drums 
mentioned previously. High-pressure high-tem- 
perature steam lines are being welded and stress 
relieved in place. Many turbine parts now are 
being fabricated by the welding of plates and shapes, 
with the elimination of castings. The development 
of X ray testing for shop processes has helped the 
introduction of welding in the field of turbine manu- 
facture. 

Condenser development has continued along the 
lines followed for several years, although the trend as 
to reduction in condenser surface per unit of turbine 
capacity has about stopped. The largest condenser 
of welded construction, 65,000 sq ft, recently was 
installed in the Kearny Plant of the Public Service 
(N. J.) Electric and Gas Company. The trend in 
favor of single-pass condensers of large size has 
continued; the largest condensers of this design were 
installed in the Hudson Avenue Plant of the Brook- 
lyn Edison Company, where turbines of 160,000-kw 
capacity exhaust into single-pass condensers of 
101,000 sq ft each. Tubes with an active length of 
30 ft are used in these condensers, which is the 
longest installed to date. Rolling of tubes in both 
tube sheets is being adopted more widely, with re- 
sultant benefit throughout the steam and feed water 
cycle. Chlorination of condenser water for in- 
hibiting sliming and algae growth in condenser 
tubes has been developed to a practical basis, and 
maintains condenser tubes in a greater state of 
cleanliness over longer periods resulting in increased 
turbine availability, reduced manual cleaning of tubes, 
and increased turbine economy. 

Since the 1931 report of this committee there has 
been an increase in this country in the capacity rat- 
ing of turbine-generators with a speed of 3,600 rpm. 
Single-cylinder partial-expansion or back-pressure 
units now are in service having ratings up to 18,000 
kw. Tandem-compound units of 15,000-kw rating 
are in use; these expand to normal condenser pres- 
sure. Tandem-compound machines of 25,000-kw ca- 
pacity are under construction. 

Generator purchases during the past 2 years have 
been too few to warrant additional conclusions, be- 
yond those noted in the last report, about the use 
of higher generator voltages. It appears though that 
increased attention is being given to the subject of the 
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most economic generating 
voltage; the advisability 
of holding to established 
voltages is being questioned, 
particularly where genera- 
tors are connected directly 
through transformers to the 
transmission system. The 
development of a 36-kv 
31,250-kva turbine-genera- 
tor for installation in the 
Langerbrugge power plant 
in Belgium records an 
increased generating volt- 
age in European practice 
over the 33-kv generators 
installed in 1929 in the 
Brimsdown Plant, Eng- 
land. Considerable study 
has been given to the prob- 
lem of protecting genera- 
tors connected directly to 
overhead lines against volt- 
age surges. The increased 
knowledge of the nature 
and magnitude of surges 
and reflections obtained by 
the use of the cathode ray 
oscillograph has made it 
possible to apply protection 
by means of suitable light- 
ning arresters and capaci- 
tors with some degree of 
assurance. 


DEVELOPMENTAL WORK 


Diphenyl compounds, 
which have been in consid- 
erable use as heat-transfer 
mediums in the chemical in- 
dustry, were adopted for air 
preheating at the Bremo 
Bluff Station of the Virginia 
Public Service Company, 
because the extreme height 
of the units makes the flue 
gas outlet and source of heat 
for air preheating remote. 
The diphenyl compound is 
circulated between a heat 
absorbing element in the 
path of the flue gases and 
a heat releasing section in 
the air ducts of the furnace 
and mills. The relatively 
small dimensions of this 
equipment compared with 
the usual air preheater and 
duct work, resulted in a 
decrease in building height 
and volume. Reduced 
draft-fan power and radia- 
tion loss also were re- 
ported. 
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Improvement of methods 
for the removal of fly ash from 
stack gases has continued. 
After several years of develop- 
ment of an improved scrubbing 
process in the Kneeland Street 
Plant of the Edison Electric 
Illuminating Company of 
Boston, Mass., 95 per cent 
of the fly ash from the com- 
bustion of pulverized coal now 
can be removed.  Experi- 
mental work is progressing 
steadily and it is expected 
that the effectiveness of the 
process will be improved 
further. At the Michigan 
City Station of the Northern 
Indiana Public Service Com- 
pany an electrical precipitator 
of somewhat larger than 
normal size with correspond- 
ingly low gas velocities has 
given apparent efficiencies of 
dust removal ranging from 


92.3 to 98.4 per cent. 


A steam turbine in the 
Delray No. 3 Plant of the 
Detroit Edison Company has 
been operating with 1,000-deg 
F steam for a large portion 
of the time since the latter 
part of 1931. The installa- 
tion consists of a 10,000-kw 
turbine with the generator 
terminals connected to the 
main station bus and operat- 
ing under normal production 
conditions. Steam for the 
unit is generated in the main 
station boilers at 400 Ib and 
700 deg F, is raised to 1,000 
deg F in a separate oil fired 
superheater and arrives at the 
turbine throttle at 365-lb pres- 
sure. Turbine troubles due to 
such high temperature opera- 
tion have been few and the 
high temperature equipment 
has good operating records; 
final conclusions about the 
installation, however, depend 
upon further experience. 

The mercury-vapor-steam- 
electric power plant nearing 
completion at Schenectady, 
N. Y., represents an attempt 
out of the ordinary to elimi- 
nate all unnecessary expense 
in building construction. 
Static apparatussuch as evapo- 
rators, deaerator, mercury- 
steam condenser-boilers, air 
preheaters, etc., have been 
placed out of doors as well as 
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the 20,000-kw mercury turbine and the 6,000-kw 
pressure-reducing steam turbine. The steam boiler 
and the mercury boiler have been sheltered in glass 
as well as office space in the basement and coal un- 
loading facilities; the latter have been housed to 
facilitate thawing in winter and to protect the ad- 
jacent factory from coal dust. Such housing as has 
been provided consists of factory-welded steel panels 
glazed in a manner quite as simple as the metal sheet 
lagging provided for apparatus regularly housed. 

The mercury-vapor equipment in the South 
Meadow Station at Hartford, Conn., has been in con- 
tinuous operation since changes were completed in 
1932. The furnace now burns oil instead of powdered 
coal; steam is generated in the condenser boilers at 
the design pressure of 425 lb per sq in. and is used in 
the high pressure steam section of thestation. For the 
5-month period between June 1 and November 1, 1932, 
when sufficient load was available to load the mercury 
turbine fully, a total of 73,330,000 kwhr was generated 
at a heat rate less than 10,000 Btu per net kwhr; the 
load factor during that period was 87 per cent. 

Since 1931 there have been mercury-vapor power 
installations of 20,000 kw each at the Schenectady 
Works of the General Electric Company and at the 
Kearny Station of the Public Service (N. J.) Electric 
and Gas Company. In each case operating condi- 
tions for the mercury turbines are as follows: 


Initial pressure cress cute cree Sheen eiueonens oe 3 125 lb per sq in. gage 
nttialitemperatures. eis meme oltre tee. < 958 deg F 
Fixhatistepressute: iy tec ae hee neal 3 in. mercury, absolute 


Pehastehenmpenra tune erate cence 485 deg F 


Steam generated in the condenser-boilers at both 
installations amounts to 325,000 lb per hr. At 
Kearny the steam is generated at 365 lb per sq in. 
gage and 750 deg F initial temperature, which is 
sufficient to generate 33,000 kw in a steam turbine. 
At Schenectady the steam is generated at 400 lb, 
760 deg F initial temperature, is reduced in pressure 
to 200 lb by passing through a 6,000-kw reducing 
turbine and thereafter finds industrial use in the 
Schenectady Works of the General Electric Com- 
pany. In each case the furnace is provided par- 
tially with mercury walls and partially with water 
walls. At Kearny the turbine is placed above the 
boiler as at Hartford so as to provide gravity re- 
turn. At Schenectady the turbine is placed on the 
floor as in an ordinary power station, and the liquid 
mercury is pumped back to the boiler. 


OPERATING RESULTS 


Despite the lack of new equipment and the de- 
crease in power generation, the average coal con- 
sumption in the United States has fallen from 1.62 
Ib per kwhr in 1930 to 1.51 in 1932. This decrease 
may be accredited to the resultant gains from experi- 
mentation in higher steam temperatures and pres- 
sures; refinements in operating procedure; greater 
reliance on generating equipment and consequent re- 
duction of number of units in service; high load fac- 
tors on those operating; and the greater relative 
use of the more economical units. The trend toward 
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unit assembly also is an effect of this increased re- 
liability. The notable minimum heat rates achieved 
by the stations listed in Table I of the 1931 report 
have been maintained and lowered a per cent or 2 
in certain instances during the past 2 years; but 
on the whole the heat rate of representative power 
plants has reached the point where little improve- 
ment can be expected without some major innova- 
tion in design. Steam temperatures approaching 
1,000 deg F apparently promise a measure of thermal 
saving, although the mercury vapor cycle presents 
the greatest opportunity for heat reduction at the 
present time. 


PLANTS EXEMPLIFYING RECENT DESIGNS 


The evolution of Station A of the Pacific Gas & 
Electric Company, San Francisco, Calif., from its 
beginning in 1901 to the present rebuilt station, is 
interesting. The completed station of 260,000 kw 
will occupy no more space than the 18,000-kw equip- 
ment of 1905. During 1931, 2 50,000-kw vertical- 
compound turbine-generators began operation, and 
subsequent economies have resulted in overall station 
heat rates of less than 12,000 Btu per kwhr. The 
new boiler plant comprises 3 500,000-Ib per hr cross- 
drum boilers, 2 of which have reheaters. Steam 
leaves the boilers at 1,400 lb per sq in. pressure and 
750 deg F, and 350 lb per sq in. and 750 deg F after 
reheating. The high pressure unit running at 
3,600 rpm is connected to a 12,500-kw generator; 
the low pressure unit running at 1,800 rpm is con- 
nected to a 37,500-kw generator with a 250-kw 
exciter on the same shaft. A feature of the reheating 
element is a steam reheater using saturated steam at 
1,400-Ib pressure in series with a flue-gas reheater. 
This has the effect of flattening the reheat curve at 
low ratings. Boiler firing is by natural gas and 
burners can use oil as standby fuel. 

Hudson Avenue Station of the Brooklyn Edison 
Company enlarged its capacity by 320,000 kw which 
represents the major equipment installed in 1932. 
This plant now has a capacity of 770,000 kw and is 
the largest power station in the world. Eight bent- 
tube multi-drum boilers, with separate dry-steam 
drums, were installed. The output per boiler is 
530,000 Ib of steam per hour at 400 Ib per sq in. 
and 750 deg F. A leading feature in the design of 
the boilers is the underfeed stokers which are 26 ft 
wide, with 15 retorts, and 26 ft 8 in. long, exceeding 
by 3 ft any stoker previously built. The stokers 
and also the clinker grinders are driven by a hy- 
draulic variable speed transmission; low installa- 
tion cost made this type of drive advantageous over 
electrical systems. Two 160,000-kw tandem-com- 
pound units were installed. These turbines run 
at 1,800 rpm with initial steam conditions of 400 Ib 
per sqin.and 730deg F. The high pressure cylinder 
contains 15 stages and the low pressure, 4 double- 
flow stages. Steam extraction for feed heating oc- 
curs at 2 high pressure stages. Performance on the 
units is 1 per cent better than guaranteed; and since 
the 320,000-kw addition has been in service, the 
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over-all station heat rate has fallen from 15,500 
Btu per net kwhr approximately to 13,320. 

Bremo Bluff Station of the Virginia Public Service 
Company has several features indicative of recent 
trends. The steam generating equipment consists 
of 2 inclined-tube single-pass boilers, each rated at 
200,000 Ib per hr evaporation and fired by pulverized 
coal. The diphenyl compound air-preheating sys- 
tem is used. The unit assembly idea is followed, 
each boiler serving a 15,000-kw tandem-compound 
condensing turbine designed for 450-Ib pressure and 
825 deg F. Steam is bled from 4 stages to rain-type 
feed water heaters. The units operate at 3,600 
rpm. Another feature of the station is its cen- 
tralized control room midway between the boiler and 
turbine rooms. Both turbine and control panels are 
in this room and enable one operator to control a 
large number of circuits. 

Burlington Station of the Public Service (N. J.) 
Electric & Gas Company is an outstanding example 
of economies obtained by rehabilitation. An 18,000- 
3,600-rpm turbine-generator operating at 650 Ib per 
Sq in. steam pressure and 850 deg F total temperature 
is superposed on 3 older units, each of 12,500-kw 
capacity operating at 190 lb per sq in. and 150 
deg F superheat. Thus the machines now form a 
55,000-kw 4-cylinder compound unit that has re- 
duced the station heat rate by 37.5 per cent (from 
24,000 to 15,000 Btu per kwhr). The new machine 
is the largest capacity unit at this speed in existence. 


V—Oil and Gas Power 


Several progressive features are evidenced in the 
Diesel engine field, such as reduction in weight, use 
of trunk pistons of large diameter, and increased 
speed. The increased use of alloy steels is notice- 
able, also the discontinuance of air injection in favor 
of mechanical injection. The trend in small plants 
is largely to the use of the single-acting 2-cycle 
engine. 

The City of Vernon (Calif.) Power Plant will con- 
tain 5 7,000-hp double-acting 2-cycle engines and 
will form the world’s largest Diesel-electric power 
plant. Each engine has 8 cylinders 24 in. by 36 in., 
runs at 167 rpm, and will drive a 5,000-kw generator. 

The Lamoka (N. Y.) combination gas-electric 
hydroelectric and pumped-storage plant of the 
Lamoka Power Corporation is unique. The in- 
stallation consists of a 2,000-hp vertical-shaft hy- 
draulic turbine in operation, and a 7,500-hp turbine 
under construction. The turbines operate under a 
net head of 385 ft. One vertical 1,200-hp 6-cylinder 
4-cycle gas engine drives an 800-kw a-c generator, 
and each of 3 1,800-hp engines drives a 1,250-kw 
generator. 
cylinder engines with the generator and flywheel 
between. These engines are the largest of their 
kind in this country. During off-peak periods, the 
gas engine driven generators supply power to pump 
water into the hydro-plant reservoir by means of 
‘one 8,000-gpm and 2 16,000-gpm motor-driven 
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pumps. Natural gas is brought from wells 1,750 ft 
under the land owned by the power company; 
it is probable that this is the only combination gas 
and water power plant using these 2 resources from 
the same land. 


Vi—Foreign Steam Plant Developments 


There have been no pronounced developments in 
power generation abroad since 1931, with the excep- 
tion of the building of the ‘‘grid’”’ scheme of trans- 
mission in Great Britain. This ideal scheme calls 
for a few new large, efficient power plants at favorable 
locations feeding into some 3,000 miles of transmis- 
sion system, tying all plants together. All load 
dispatching will be done at a central point in London. 
The transmission voltage is either 132, 66, or 33 kv. 
Substations will tap the transmission grid to supply 
communities with power. The plan requires the 
abandonment of many small and inefficient plants. 

Present English practice seems to favor use of 
steam at 600 lb and about 850 deg F. In Europe, 
pressures range from the moderate up to the critical 
pressure of 3,200 lb, which has been employed in one 
unit at Langerbrugge, with several installations be- 
tween 1,200 and 1,800 lb. With few exceptions 
850 deg F is the limiting temperature. 

The report of the Electricity Commission of 
Great Britain last year shows several installations 
having a thermal efficiency of from 22 to 24 per cent 
obtained with moderate pressures not exceeding 650 
Ib, and fairly high temperatures. These efficiencies 
are all being obtained with English coal having a 
considerably lower Btu value than the coal generally 
used in the United States. ; 

There has been a decided trend toward the use of 
larger turbine units, capacities ranging up to 100,000 
kw with 50,000 kw appearing to be the popular size. 
Manufacturers are prepared to build 3,000-rpm 50- 
cycle machines in the larger sizes, and there is one 
unit of 80,000-kva capacity built for this speed. 

The use of larger boiler units increases, and many 
units are in operation with a steaming capacity of 
from 200,000 to 300,000 lb per hour. Although fur- 
nace sizes also have been stepped up, they still aver- 
age a little smaller per unit of boiler capacity than 
those of the latest American practice. The use of 
water walls is increasing. 

Practice in fuel burning equipment shows a ten- 
dency to favor stokers over powdered fuel. The 
forced-draft chain-grate stoker is very popular in 
England probably because the quality of the fuel 
used is quite favorable to the use of the chain grate. 
The change in trend from powdered coal to stokers 
seems to be explained by 2 reasons: the lower initial 
cost of the stoker, and the lesser difficulty in taking 
care of the kind of dirt in the flue gases from the 
stokers. 

Fly ash removal has been given much attention. 
An enormous amount of work has been done in de- 
veloping centrifugal and wet types of eliminators and 
electrostatic precipitators. German engineers seem 
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to favor the latter type, 
while in England many stoker 
fired plants are getting good 
results with centrifugal and 
dry type separators. This is 
much more important abroad 
than it is in the United States 
because the average ash con- 
tent of the fuel is much 
greater. 

English practice favors the 
straight tube boiler although 
the bent tube Stirling boiler 
also is used. In Europe, how- 
ever, the proportion of bent 
tube boilers is much larger and 
they are of a wide variety. 
Several interesting and radical 
designs of boilers have been 
developed which are in com- 
mercial operation. The urge 
for this development work ap- 
parently is a desire to use 
much higher steam pressure 
without materially increasing the cost of the boiler 
unit. 

The use of heat accumulators such as the installa- 
tion in Charlottenburg, Germany, apparently has 
made little progress. While this installation suc- 
cessfully handles peaks of certain duration, ap- 
parently the initial cost, space required, and low ef- 
ficiency are factors that are retarding this develop- 
ment. 

There is nothing especially new in the switch 
house. The general practice in England, largely 
because of the Board of Trade Rules, is the use of 
“jron-clad”’ switchgear placed indoors. European 
practice is similar to American. With few excep- 
tions, no foreign switch house has to handle as large 
quantities of energy as do many American stations. 


Vil—Developments in Hydroelectric Practice 


Progress in hydroelectric practice during the past 
2 years was foretold to a large extent in the 1931 re- 
port of this committee, when the impending de- 
velopments in the use of the Kaplan turbine in this 
country were discussed. Other than this significant 
step there does not appear to be any distinctive in- 
novations of major importance in the designs of the 
hydroelectric projects placed in operation during the 
past 2 years. The probable future trend, if any, 
with regard to the type of propeller turbine that 
may be preferred for low head plants, however, is not 
yet clear. The Kaplan, or automatically adjusted- 
blade turbine, was installed in the Safe Harbor Plant 
on the Susquehanna River in Pennsylvania; man- 
ually adjusted-blade turbines in the Rock Island 
Plant on the Columbia River in Washington; and 
fixed-blade turbines in the Chats Falls Plant on the 
Ottawa River in Canada. These plants are typical 
examples of the most recent use of propeller turbines 
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Ariel dam and power house of the Inland Power & Light Company on the 
Lewis River, Wash. 
erator with revolving field installed to date; it is rated 56,200 kva, 120 rpm 


This plant is said to contain the largest overhung gen- 


for low head developments. A very interesting high 

head development was placed in service on the 

Mokelumne River in California. The Ariel Plant 

on the Lewis River, Washington, and the Wyman 

Dam development on the Kennebec River, Maine, 

were representative of medium head designs and 

displayed novel ideas in building and superstructure | 
designs. 

Interest in cavitation investigations in this coun- 
try has continued largely as the result of the in-— 
creasing use of the propeller turbine in low head 
plants. The first cavitation research laboratory in 
the United States was recently opened at the 
Massachusetts Institute of Technology, Cambridge, 
and there are now several commercial and institu- 
tional laboratories equipped for making cavitation 
tests on model runners. Testing of models of all 
important structures comprising a hydroelectric 
development is now accepted practice, and is well 
exemplified by the extensive model studies made for 
the Boulder Dam on the Colorado River. The 
European practice of using multiple current meters 
distributed over the intake area for the field testing 
of hydraulic turbines, was introduced in the United 
States at the Safe Harbor plant, where the short 
length of intake passage was believed to render the 
commonly used methods of water measurement of 
doubtful value. 

The number of pumped storage developments on 
this continent is small compared with those in 
Europe, but the possibility of regenerative pumping 
at the Safe Harbor plant by means of the dual use 
of the same unit as a turbine and a pump has been 
investigated recently. Turbine manufacturers have 
developed runners suitable for such dual use, and 
the electrical problems incident to reverse operation 
at either a similar speed or a dual speed appear pos- 
sible of ready solution. The limited practice here- 
tofore in this country has been to install a motor 
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driven pump entirely separate from the turbine- 
generator, although both pump and turbine are 
connected to the same penstock. The arrangement 
commonly found in Europe consists of a single elec- 
trical element used either as a generator or motor, 
with a permanently connected turbine on one side 
and a clutch connected pump on the other. 


Discussion of the economics of hydroelectric 
projects during the past 2 years has been focused on: 
the determination of the cost characteristics of dif- 
ferent types of developments; the relative economy 
of water power as compared with steam power; 
the influence that the incremental cost of hydroelec- 
tric capacity has upon the size of development; 
and the peak substitutional value of water power as 
compared with steam power on the available load 
curve. The latter 2 factors are of particular im- 
portance in the consideration of pumped storage 
and regenerative installations. 


Development of the Mokelumne River in Cali- 
fornia having a drainage area of 365 square miles, 
over a gross static head of 5,100 ft by means of 4 
plants in series on the flow line without appreciable 
intervening storage, may be the last high head de- 
velopment for some time on the Pacific Coast. 
The maximum flow used, 650 cfs, is 80 per cent of 
the average yearly stream flow, which is regulated 
almost completely by storage reservoirs having a 
volumetric capacity equal to '/; of the volume of 
run-off. There are 3 impulse installations operating 
at gross heads of 2,089, 1,265, and 1,219 ft; and 2 
Francis wheel installations for heads of 285 and 245 
ft. One of the 5 main dams is the largest rock-fill 
dam in the world, having a height of 328 ft and a 
crest length of 1,300 ft. The peak capacity of the 
plant is 144,000 kw and will be used about 80 per 
cent of the time. 


River, Calif. This plant contains 2 double overhung impulse units operating 
on a head of 1,190 ft and driving 2 generators each rated 30,000 kva 
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The Rock Island plant on the Columbia River is 
the first major low-head run-of-river development 
on the Pacific Coast and also the first step in the 
development of the hydroelectric possibilities of the 
Columbia River. The drainage area above the 
plant is 90,000 square miles; maximum and mini- 
mum recorded flows have been 740,000 and 21,000 
cfs, respectively, and the mean flow is 121,000 cfs. 
The head for the initial installation of 4 21,000-hp 
units is 32 ft; it will be increased to 48 ft with the 
addition of more units, of which there ultimately 
will be 12. Initial full draft water requirements 
are about 75 per cent of the minimum steady flow, 
and about 135 per cent of the lowest recorded flow. 
Because of the low- and varying-head conditions, 
manually-adjusted-blade propeller wheels were in- 
stalled; these have a diameter of 223 in. and are the 
largest propeller wheels on this continent. The 
plant operates at a capacity use factor of about 90 
per cent, which, in comparison with the run-of- 
river plants in the eastern section of the United 
States, represents a relatively small capacity in- 
stallation with respect to the minimum flow ca- 
pacity. 

The Chats Falls plant.on the Ottawa River, 
Canada, is a low head development 53 ft, showing 
a somewhat greater ratio of installed capacity to 
regulated flow capacity. The drainage area above 
the plant is 34,000 square miles, but because of the 
presence of numerous lakes the minimum dependable 
flow is now 22,000 cfs. The8 28,000-hp fixed-blade 
propeller units require a full draft equal to 2 times 
the minimum flow. This plant serves a large sys- 
tem that derives its entire supply of electric power 
from hydroelectric sources. : 

The Safe Harbor plant on the Susquehanna River 
is notable for having the highest powered propeller 
turbines in the world, the units 
being rated at 42,500 hp under 
a head of 55ft. The full draft 
requirement of the plant ini- 
tially is about 12 times the 
minimum regulated flow; the 
yearly use factor will approxi- 
mate 50 per cent. The initial 
installation consists of 6 units, 
with head-works structures 
for 6 additional units. The 
hydraulic and electrical design 
anticipates the dual use of the 
units for generation and re- 
generative pumping; the plant 
will be the first low head de- 
velopment planned for such 
operation, which is readily 
accomplished because the Safe 
Harbor plant discharges di- 
rectly into the pond formed 
by the Holtwood dam 8 miles 
farther down the river. The 
electrical layout in the plant 
provides for: 3-phase 60-cycle, 
and single-phase 25-cycle gen- 
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eration; 60-cycle low voltage busses; and control of 
transformers placed above the bus galleries for step- 
ping up to 69 and 230 kv for transmission. The 
25-cycle generators will be the largest single phase 
waterwheel units in the country, having a rating of 
37,500 kva at 80 per cent power factor. High vol- 
tage switch yards for the control of outgoing 60- and 
25-cycle transmission lines will be placed on shore 
adjacent to the power house. Outdoor frequency 
changers rated at 25,000 kw, 80 per cent power fac- 
tor, will be installed below the bulkhead connecting 
the power house with the shore. 

The Ariel and Wyman Dam plants exhibit an in- 
teresting treatment of superstructure design, which 
in both plants consists of a low roof with removable 
hatches over the generators. Outdoor 2-leg gantry 
cranes serve the generator areas; that at the Ariel 
plant is the largest outdoor power house crane yet 
built, having a span of 67 ft, a lift of 80 ft above crane 
rails, and a capacity of 350 tons.. The Ariel plant is 
notable also for having the largest overhung genera- 
tor with revolving field installed to date; it is rated 
56,250 kva at 80 per cent power factor, 120 rpm. 
Other novel features of the Ariel plant are the loca- 
tion of a part of the power house upon a concrete 
arch spanning a deep gut in the foundation rock, and 
the location of the control room in an adjacent but 
separate building. The drainage area above the 
Ariel plant is 733 square miles. One 55,000-hp 
170-ft-head unit has been installed initially; the 
complete plant will contain 4 units with the expecta- 
tion of using seasonal storage for low use-factor opera- 
tion. The Wyman Dam plant has an initial in- 
stallation of two 34,000-hp 135-ft-head units, with 
provision for a third unit in the future. The use 
factor of this plant will be of the order of 45 per cent. 

Records for maximum size and extreme conditions 
of installation of propeller turbines continue to re- 
main with European plants. Among the more 
notable are the following Kaplan installations: 


Head, Runner Discharge, Speed, 
Plant Horsepower Ft Diam, In. Cfs Rpm 
Vargon, Sweden..... 15 OOO} cies or 4 Veo ceree 315 £090 (8 oc 46.9 
SOWIE FRUSSI As ois aie OM sO0O ne s:sisi0 6 SOLER ieee 2 OSs Aiea: 103240 wat sone 75 
Shannon, Ireland....33,000....... 106* -161 35040) Fue « 167 


* Head initially is 82.25 ft. 
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Power Transmission and Distribution 


ANNUAL REPORT OF THE COMMITTEE ON POWER TRANSMISSION 
AND DISTRIBUTION* 


N SPITE OF business conditions, power trans- 

mission and distribution activities have been 

maintained during the past year. Much of the 
work of the power transmission and distribution com- 
mittee has been divided among and carried on by 
several subcommittees. Activities of these subcom- 
-mittees during the past year are summarized briefly 
in this report. 


STEEL TRANSMISSION TOWERS AND CONDUCTORS 


The work of this subcommittee has been sub- 
divided into 3 groups covering: (1) steel towers, 
(2) Clearances and Electrical Characteristics, and (3) 
Conductors. The following items are under con- 
sideration. 

Hinged and rigid crossarms. 

Straight line compression formula for columns. 
Fatigue indications at clamps. 

Rotated towers. 

Recommended form for service records. 
Clearances as affected by heating of conductors. 


Sal eer te as 


Vibration of transmission conductors. 


This subcommittee has been in touch with the 
investigation of embrittlement of hot dipped gal- 
vanized steel, which has been covered by a report to 
be found in the Proceedings of the American Society 
for Testing Materials, v. 32, Part II, 1932. Study is 
now being given to prestretching of A.C.S.R. cables. 
A report entitled ‘‘Modern Steel Tower Transmission 
Lines” was published in ELECTRICAL ENGINEERING 
for April 1933, p. 243. 


DISTRIBUTION 


The subcommittee on distribution has been work- 
ing intensively on the preparation of a coérdinated 
group of papers for a session at the 1934 winter con- 
vention. It is proposed that this program will 
cover certain phases of the economics of electric power 
distribution based upon actual areas in the districts 
of several operating power companies. 


CABLE DEVELOPMENTS 


The amount of new cable construction work during 
the past year has been rather limited. There have 
been no electrical failures on any of the 132-kv oil 
filled cable lines operating in New York City and 
Chicago, Ill. The experimental 132-kv lines in 
Chicago and Newark, N. J., have continued without 
incident for another year, except for one joint failure 
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in Chicago. Additional 35-kv oil filled cables have 
been installed in Los Angeles, Calif. 

The 2 outstanding high voltage submarine cable 
installations operating at 69-kv have continued in 
successful operation: one across the Delaware River, 
near Wilmington, Del., of the “solid” type, for 
31/, yrs; the other across the Columbia River, near 
Portland, Ore., of the oil filled type, for about 1 year. 

Two unusual submarine cable installations have 
been made during the year. The first is across the 
East River, New York City, consisting of 14 cables 
each, 2,330 ft long, laid 2 at a time by a novel method 
of installation in a narrow trench, part blasted out of 
solid rock. Half of the cables are of the oil filled 
type and half are of the “solid” type. The other 
installation consists of 15 cables, installed 5 at a 
time, from the Hudson Avenue Station, Brooklyn, 
N. Y., across Wallabout Bay, each 3,300 ft long with- 
out joints, the cables all being of the “‘solid” type. 
Both installations consist of 3-conductor, 500,000- 
cir mil paper-insulated 27.6-kv cables. 

A recent installation of single-conductor 69-kv 
paper-insulated cable involves conductors 2,100,000 
cir mils in cross section; the skin effect was reduced 
by making the conductor out of several sectors of 
stranded conductor, the sectors being lightly in- 
sulated from each other. The conductor is wrapped 
with copper tape to give a smooth electrical surface. 

There has been considerable activity in the 
development of cable without lead sheath for medium 
and low voltage distribution; this cable may be 
buried directly in the ground, or pulled into ducts. 


INTERCONNECTION AND STABILITY FACTORS 


This subcommittee has been relatively inactive 
during the year because the joint interconnection sub- 
committee, with which it was to codperate, was not 
organized, the parent technical committees finding 
such organization unnecessary at this time. 


STANDARDIZATION 


Standardization activities in the transmission and 
distribution field have been proceeding at a modest 
pace. National existing standards and national 
standardizing projects under way or to be initiated 
are, in common with other electrical standards, being 
brought under the jurisdiction of the new Electrical 
Standards Committee. This committee has been 
organized to coérdinate all standardization of a na- 
tional character in the electrical field. The follow- 
ing is a brief résumé of the more important recent 
standardization activities in connection with trans- 
mission and distribution: 


1. Parts I and II of the ‘Code for Protection Against Lightning” 
which is now an American standard, have been revised by the 
sectional committee, these revisions are in process of approval by the 
American Standards Association. 
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2. The American Society for Testing Materials has issued ‘“‘Ten- 
tative Specifications for Insulated Wire and Cable: Performance 
Rubber Compound.” ; 


3. Three preferred types of impulse test waves, namely, 1x5, 
1x10 and 1'/2x40u sec have been recommended by the lightning and 
insulator subcommittee of the power transmission and distribution 
committee for testing insulators. One of these standard waves, 
1!/.x40u sec, has been recommended by the transformer subcommit- 
— of the A.I.E.E. electric machinery committee for testing trans- 
ormers. 


4. AnA.S.A. sectional committee on power switchgear has been or- 
ganizéd, and hereafter the various revisions of the A.I.E.E. stand- 
ards on switching apparatus will be made through that committee. 
A joint N.E.L.A.-N.E.M.A.-A.E.I.C. committee on oil circuit 
breakers was set up to crystallize views with reference to stand- 
ardization of dimensions, duty cycles, ratings, etc. 


5. Specifications for weatherproof and for heat resisting wires and 
cables, and for impregnated paper insulation for wires and cables 
recently have been approved as American standards. The A.S.A. 
sectional committee which has these and other standards in charge, 
has several other wire and cable specifications in various stages of 
development. 


6. Proposed American standard definitions of electrical terms in- 
cluding a comprehensive list of transmission and distribution terms 
have been published by the A.I.E.E. as a progress report. 


LIGHTNING AND INSULATORS 


Considerable progress has been made during the 
past year in placing impulse testing of insulators on a 
common basis. The 3 preferred test waves recom- 
mended by lightning and insulator subcommittee 
last year have been accepted generally as a basis for 
comparative tests of impulse strength of insulators, 
although in some laboratories, where difficulty was 
encountered in producing the 14/2x5-~ sec wave, 
a 1x5-y sec wave has been used with fairly com- 
parable results where flashover takes place on the tail 
of the wave. 

In addition to agreeing upon and using defined test 
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waves in impulse testing of insulators, an important 
phase of the problem is the laboratory technique in 
making tests. Considerable study has been given 
this subject, and definite progress has been made. 

Field research of lightning on actual electric lines 
has been continued on a much restricted basis this 
past year. Lightning currents that have been meas- 
ured in steel towers have indicated crest magnitudes, 
in the upper ranges, of the order of 75,000 to 190,000 
amp. These figures suggest currents in the lightning 
stroke approaching such values. 

As foreshadowed in last year’s report, impulse 
tests on commercial transformers in the higher volt- 
age ranges now are being made in some cases by the 
manufacturer as part of the routine test procedure. 

During the past year the use of enclosed protective 
gaps has been further tried out in an effort to take 
lightning disturbances off transmission lines without 
permitting sufficient power current to flow to cause a 
circuit interruption. Further operating experience 
will be required, however, before the reliability of 
these devices has been proved. 

From the limited experience so far available, the 
use of counterpoises (buried conductors) at tower 
bases appears to have considerable influence in reduc- 
ing lightning troubles on high voltage transmission 
lines. Here, again, more operating experience is 
necessary before general conclusions can be drawn. 

The continued interest of the members of the Insti- 
tute in the power transmission and distribution field 
is a source of great gratification to the power trans- 
mission and distribution committee. The successful 
functioning of the committee’s activities is in large 
part attributed to the subcommittee organization 
and to the initiative and interest displayed by the 
members. 


Protective Devices 
ANNUAL REPORT OF THE COMMITTEE ON PROTECTIVE DEVICES* 


been active during the year in connection with 

the sponsoring of papers for the various con- 
ventions, the preparation of reports, the revision of 
present standards and the preparation of new stand- 
ards. The organization of the committee consisted 
of 4 subcommittees, as follows: fault current limiting 
devices; lightning arresters; oil circuit breakers, 
switches, and fuses; and relays. 


[tee COMMITTEE on protective devices has 


FAULT CURRENT LIMITING DEVICES 


There has been comparatively little activity in 
fault current limiting devices recently, though it is 


*COMMITTEE ON PROTECTIVE DEVICES: R. T. Henry, chairman; H. P. 
Sleeper, vice-chairman; L. E. Frost, secretary; Raymond Bailey, R. C. Bergvall, 
H. W. Collins, A. W. Copley, W. S. Edsall, J. H. Foote, S. L. Goldsborough, 
S. M. Hamill, Jr., T. G. LeClair, J. P. McKearin, H. A. McLaughlin, D. M. 
Petter, H. J. Scholz, H. K. Sels, L. G. Smith, E. R. Stauffacher, H. R. Summer- 
hayes, B. F. Thomas, Jr., O. C. Traver, E. M. Wood, and H. B. Wood. 


the intention of the committee to carry on the in- 
vestigation of the Peterson coil or arc suppressor. 


LIGHTNING ARRESTERS 


The lightning arrester subcommittee, working 
jointly with the N.E.L.A. subject committee on 
lightning arresters, has prepared a report covering 
“Present Practice in Installation and Performance of 
High Voltage Lightning Arresters’”; this was pre- 
sented at the 1933 summer convention (see ELEC- 
TRICAL ENGINEERING, v. 52, June 1933, p. 394-400). 


Om Crrcuir BREAKERS, SWITCHES, AND FUSES 


The subcommittee on oil circuit breakers, switches, 
and fuses has been active in the preparation of a 
standard for fuses above 600 volts. There has been 
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some difference of opinion regarding the basis of 
current rating. A small but active minority of the 
engineers in the United States have advocated rating 
fuses on an intermediate value that is neither the 
carrying capacity nor the blow-out current. This 
subcommittee has investigated this question and 
finds an almost unanimous agreement throughout the 
United States and Canada in favor of rating fuses on 
the basis of carrying capacity; the proposed standard 
provides for rating fuses on this basis. This stand- 
ard has been recommended for publication in report 
form. 

The subcommittee also has in preparation a stand- 
ard for disconnecting, horn-gap, and knife switches, 
but this is being held back pending completion of the 
work on coérdination of insulation. 


RELAYS 


The relay subcommittee has reviewed the report 
on A.J.E,E. Standards No. 23 for relays which has 
been published in report form, and, after making cer- 
tain additions and revisions, has recommended the 
adoption of this report as a permanent A.I.E.E. 
Standard. The relay subcommittee also has studied 
modern methods of protecting apparatus and has 
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prepared a report giving the consensus of opinion ofa 
large number of engineers. This material was 
presented at the 1933 winter convention (see 
‘Recommended Practices for the Protection of Elec- 
trical Apparatus’ ELECTRICAL ENGINEERING, V. 
51, December 1932, p. 829-34). 

The principal developments in protective devices 
during the year have been on circuit breakers and 
relays. Further developments and improvements 
have been made on circuit breakers, principally 
along the line of higher operating speed and improved 
arc extinguishing characteristics. Further develop- 
ments and improvements have been made on relays, 
particularly along the lines of higher speed and 
improved selectivity. Among recent developments 
in relay schemes are schemes using positive or nega- 
tive phase sequence voltages or currents, and im- 
proved pilot relay schemes using communication 
circuits and carrier current circuits. 

Among the principal activities for the coming year 
is the revision of the duty cycle for oil circuit breaker 
interrupting rating. The joint N.E.L.A.-A.E.1.C.- 
N.E.M.A. committee on oil circuit breakers presented 
a report at a meeting in Detroit, Mich., on April 5, 
1933, which probably will be the basis of a revision of 
the duty cycle and of the derating factors for various 
operating duties. 


‘Transportation 
ANNUAL REPORT OF THE COMMITTEE ON TRANSPORTATION* 


past year in the field of heavy electric traction 

was the progress made by the Pennsylvania Rail- 
road on its project for complete electrification of its 
lines between New York City and Washington, D.C. 
Electrical operation of passenger trains between 
New York and Philadelphia was begun on January 
16, 1933, and since then has been extended to cover 
all New York to Philadelphia passenger service and 
also the New York to Washington passenger service 
as far as Wilmington, Del. Power is supplied from 
the railroad company’s generating station in Long 
Island City, N. Y., and from 2 frequency converter 
stations of the Philadelphia Electric Company. In 
the more recent of these stations the converter units 
are not placed in a building but are protected by steel 
housings, the installation being similar to, but larger 
than, that made by the same company to supply the 
Reading Company’s electrification. Single-phase 
transmission lines, generally 4 in number, suspended 
from tall H-section poles (which also support the 
catenary system) carry this 25-cycle power at 
*COMMITTEE ON TRANSPORTATION: BE. L. Moreland, chairman; H. L. 
Andrews, Reinier Beeuwkes, A. E. Bettis, H. A. Currie, J. V. B. Duer, H. H. Field, 
I. W. Fisk, W. A. Giger, K. T. Healy, A. E. Knowlton, H. N. Latey, John Mur- 


phy, H. Parodi, R. H. Rice, S. A. Spalding, N. W. Storer, W. M. Vandersluis, 
R. P. Winton, Sidney Withington, and G. I. Wright. 


Tess PRINCIPAL DEVELOPMENT of the 


132-kv to step-down transformer substations, spaced 
from 7 to 10 miles apart along the right-of-way, 
from which the 11-kv contact wires are energized. 
Between New York and Wilmington and in the 
Philadelphia suburban zone approximately 72 loco- 
motives and 382 multiple unit motor cars were 
in service on April 1, 1933. Including the Long 
Island lines, the Pennsylvania system now has 1,450 
miles of electrically operated track. 

The Reading Company completed the electrifica- 
tion of its Norristown and Chestnut Hill branches, 
and began electrical operation over them on February 
1, 1983. Thus 46 track miles, on 22 miles of route, 
have been added to the mileage over which electrical 
operation was begun in 1931. A description of this 
electrification is contained in a paper at the 1932 
A.I.E.E. Pacific Coast convention (see ‘“‘The Read- 
ing Railroad’s Suburban Electrification” by G. I. 
Wright, ELECTRICAL ENGINEERING, v. 52, March 
1933, p. 155-61). 

The New York Central Railroad continued work 
on its ‘““West Side Improvements,’ to remove its 
freight tracks from the streets of New York City 
south of 60th Street. 

The Atchison, Topeka, and Santa Fe Railroad 
placed in service a 900-hp articulated gasoline- 
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electric rail car, made up of 2 sections, the forward 
part carrying the engine, generator, and other equip- 
ment, while the other is divided into passenger and 
baggage compartments. This is the most powerful 
unit of this type that has been built. It can reach a 
speed of 80 mph on level tangent track and has 
sufficient power to handle 4 trailing coaches. 

An oil-electric rail car of 600 hp has been built, 
which is capable of a speed of 80 mph and can 
haul 3 coaches. It weighs 104 tons and carries 2 
300-hp diesel engines with direct-connected genera- 
tors and 4 traction motors. Manufacturers state 
that they are now prepared to furnish units of this 
type with a capacity as high as 1,000 hp. 


URBAN TRANSPORTATION 


The New York City Board of Transportation on 
September 10, 1932, placed in operation the first 
section of the City’s independent subway system, 
_ this route being the Eighth Avenue subway, under 
the westerly side of Manhattan from Fulton Street 
to 207th Street. During 1933, operation has been 
extended from Fulton Street, Manhattan, under the 
East River to Bergen Street, Brooklyn; from 155th 
Street under Grand Concourse to 205th Street, 
Bronx; and from 53rd Street under the East River 
to Roosevelt Avenue, Queensborough. 

In Philadelphia additional sections of subway have 
been placed in operation. 

Additional cities have installed trolley busses so 
that at the close of 1932 it was reported that 280 
busses were in operation in 20 cities in the United 
States (including Manila) over approximately 270 
miles of route. 

In the continuing work of developing an improved 
street car design, attention is being given to the 
elimination of vibration by using resilient wheels and 
rubber cushioning instead of steel springs in trucks. 
Another feature being developed is an eddy-current 
drum-type brake, incorporated in the motor frame, 
_ which will use power from the trolley. Hydraulic 
brakes will supplement these brakes at low speeds 
or when power is not available. 


RAILWAY SIGNALING 


Signaling construction was much reduced during 
the past year, attention being given principally to 
small installations of automatic interlocking and 
centralized traffic control offering substantial econo- 
mies in operation. 

The first application of centralized traffic control 
to subway operation is being made in the extension 
of the Philadelphia system. A central plant at 
Market Street Station will control all the emergency 
crossovers on the new line, individual interlocking 
plants at the crossover locations being unnecessary ; 
this central plant will permit complete control of all 
switching and traffic movement in its territory, be- 
sides furnishing visual indication of the position of 
trains on an illuminated track model and also making 
a permanent record of train movements on an auto- 
matic graphic recorder. This installation is note- 
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worthy because of the density of traffic involved and 
because of modifications of design so that alternating 
current is used exclusively in its operation. 

Signal engineering frequently must overcome 
difficulties presented by new developments in other 
lines of transportation activity. In the New York 
terminal zone of the Pennsylvania Railroad some 
tracks have been equipped with overhead contact 
system as well as third rail, and now are utilized for 
both 11-kv single-phase and 600-volt d-c operation. 
Saturation effects of the direct current in the alter- 
nating-current’ locomotive and substation trans- 
formers produce harmonics which interfered with 
the proper functioning of the 100-cycle track circuits 
controlling the wayside signals and the locomotive 
cab signals. This difficulty was overcome by reduc- 
ing the signal circuit frequency in this area to 912/; 
cycles and by modifying the design of the cab signal 
apparatus so that it will function properly at the 
lower frequency while in the terminal zone and also 
at 100 cycles on other sections of the road. 

Another problem has been presented by the opera- 
tion of light-weight rail cars, particularly those with 
rubber-tired or rubber-cushioned wheels, since they 
do not provide the low resistance connection between 
the rails required for shunting signal track circuits. 
This problem has been solved by utilizing a high 
frequency alternating current which is generated on 
the car, passed through step-down transformers 
having low resistance secondary windings, and then 
applied to the track by means of rail brushes on 
rubber-tired cars or through collector rings on the 
steel tires of rubber-cushioned wheels. The alter- 
nating current breaks down the high-resistance film 
on the rail surface and a low resistance path through 
the transformer secondaries thus is provided for 
shunting the track circuits. 


MARINE TRANSPORTATION 


The most notable application of turbine-electric 

drive to new ships in the past year was in 6 vessels 
built for the United Mail Steamship Company (a 
subsidiary of the United Fruit Company). Each of 
these has 2 main turbine-generators, each rated at 
4,200 kw, 3,500 rpm, 3,150 volts, 3-phase, unity 
power factor, which furnish power for 2 5,250-hp 
125-rpm synchronous propelling motors. Extensive 
use is made of electricity to operate the auxiliaries in 
the engine rooms, ventilating fans, etc., throughout 
the ships, and all of the deck machinery. 
_ The Manhattan, largest liner ever built in 
America, while driven by geared turbines, has ex- 
tensive electrification of auxiliary machinery and of 
miscellaneous services throughout the ship. Four 
500-kw turbine-generators supply 383 motors total- 
ing nearly 4,000 hp, in addition to 1,200 fans in 
living quarters, 8,387 lamps, electric cooking ap- 
paratus sufficient for the preparation of 5,000 meals 
per day, electric clocks, automatic steering, radio, 
sound motion picture machinery, and many other 
applications. A 75-kw diesel engine driven unit 
also is provided for emergency use. 
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The 3 sister ships of the Matson Line, the Mari- 
posa, the Monterey, and the Lurline, are equipped 
similarly, each having 4 500-kw turbine-generator 
sets and one 30-kw diesel engine-generator set, for 
supplying power apparatus totaling 2,600-kw, and 
lighting units, 230 kw. 

Four new ships built for the Grace Line, to be used 
in its intercoastal service via the Panama Canal, 
also have direct geared-turbine drive; but their 
auxiliaries have been completely electrified, as have 
those on the so-called ‘“‘Seatrains’’ operating between 
New York City and Havana, Cuba. These vessels, 
built to transport loaded freight cars, are noteworthy 
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as the first ocean going ships on which a-c motors are 
used exclusively. 


VERTICAL TRANSPORTATION 


The central tower of the Rockefeller Center (which 
is now New York City’s largest building) although 
exceeded in height by the Empire State Building, is 
equipped with 74 elevators, capable of the highest 
speed now permitted, namely, 1,200 ft per minute. 
On part of these elevators an interesting applica- 
tion of photoelectric cells functions to prevent 
closing the high-speed power-operated doors while a 
passenger is entering. 


Report of the Board of Directors 
FOR THE FISCAL YEAR ENDING APRIL 30, 1932 


The Board of Directors of the American Institute of Electrical Engi i 
30a gineers presents herewith to th 
membership its forty-eighth Annual Report, for the fiscal year ending April 30, 1932. A general batahen 
sheet showing the condition of the Institute’s finances on April 30, 1932, together with other detailed financial 


statements, is included herein. 


This report contains a brief summary of the principal activities of the 


Institute during the year, more detailed information having been published from month to month in Etrc- 


TRICAL ENGINEERING. 


Death of F. L. Hutchinson, National Secretary 


The Institute suffered a serious loss in the death, on 
February 26, 1932, of Mr. F. L. Hutchinson who had 
served as a member of its headquarters staff for 
twenty-eight years, during the last twenty of which he 
was the National Secretary. Information regarding 
his career was published on pages 202-203 of the 
March issue of ELECTRICAL ENGINEERING and on 
page 227 of the April issue. 


_ Directors’ Meetings.—The Board of Directors 

held six meetings, four in New York, one at Ashe- 
ville, N. C., and one at Kansas City, Mo. The 
Executive Committee held a meeting in March, this 
being substituted for the regular March meeting of 
the Board, and acted upon various matters between 
Board Meetings. 

Information regarding the more important activi- 
ties of the Institute which have been under considera- 
tion by the Board of Directors, the committees, and 
the various officers is published each month in the sec- 
tion of ELECTRICAL ENGINEERING devoted to “News 
of Institute and Related Activities.” 


President’s Visits.—President Skinner attended 
the two national conventions and two District meet- 
ings since the beginning of his administration, and 
visited a large number of the Sections. 

The following is a list of places visited in addition to 
many trips to Institute headquarters in New York: 
Regina, Sask., and Vancouver, B. C., Canada; 
Seattle, Wash.; Portland, Ore.; Lake Tahoe (Pacific 
Coast Convention), Los Angeles, and San Francisco, 
Calif.; Salt Lake City, Utah; Denver, Colo.; Omaha, 
Nebr.; St. Louis and Kansas City (District Meeting), 
Mo.; Charlottesville, Va.; Washington, D. C. (A.E.C. 
Meetings); Detroit, Mich.; Princeton University, 
N. J.; Jacksonville, and Gainesville, Fla.; Atlanta, 
Ga.; Memphis, Tenn.; Pittsburgh, Pa.; New York, 
N. VY. (including Winter Convention); Mexico City, 
Mexico; San Antonio, Houston, Dallas, and A. & M. 
College, Texas; Oklahoma City, Okla. ; Milwaukee 
(District Meeting), and Madison, Wis.; Minneapolis, 
Minn.; Iowa City, Des Moines, and Ames, Iowa; 
Chicago, and Urbana, Ill.; Indianapolis, Ind.; Phila- 
delphia, Pa.; and Akron, Columbus, and Cleveland, 
Ohio. He attended the meeting of the American 
Association for the Advancement of Science, New 
Orleans, La., Dec. 28-Jan. 2, asa representative of the 
Institute. 


In connection with these visits, he spoke at a num- 
ber of meetings of neighboring Branches. 

In May and June, President Skinner’s visits will in- 
clude the North Eastern District Meeting in Provi- 
dence, the Summer Convention in Cleveland, and 
other Sections. 


Meetings.—Three national conventions and two 
District meetings were held during the year, and a 
brief report on each is given below. The North East- 
ern District Meeting held in Rochester, New York, 
April 29-May 2, 1931, was included in last year’s 
report. 


Annual Meeting.—The Annual Business Meeting 
was held at the Grove Park Inn, Asheville, N. C., on 
Monday morning, June 22, 1931, during the annual 
Summer Convention. The Annual Report of the 
Board of Directors for the fiscal year ending April 30, 
1931, was presented, and the Tellers Committee made 
its report upon the election of officers for the adminis- 
trative year beginning August 1, 1931. 


Summer Convention.—The forty-seventh annual 
Summer Convention was held at Asheville, N. C., June 
22-26, 1931. Thirty-two papers were presented at 
seven technical sessions, and printed copies of seven- 
teen technical committee reports were available. The 
annual Conference of Officers, Delegates, and Mem- 
bers, under the auspices of the Sections Committee and 
the Committee on Student Branches, was held on 
Monday, June 22, and Tuesday, June 23; and fifty- 
two Section delegates, all of the ten District Secre- 
taries, and eight Counselor delegates were present. 
The entertainment features included golf and tennis 
tournaments, a dinner, a banquet, and various trips. 
The Lamme Medal, awarded by the Institute, was 
presented to Dr. William J. Foster at the Annual 
Business Meeting. More than 500 members and 
guests attended the convention. 


Pacific Coast Convention.—The twentieth Pacific 
Coast Convention was held at Lake Tahoe, California, 
August 25-28, 1931. At four technical sessions, 
seventeen papers were presented. Twelve technical 
papers by students were presented at two additional 
sessions. The program included various social events 
and trips. The registration was 247. 


Winter Convention.—The twentieth Winter Con- 
vention was held in New York, January 25-29, 1932. 
Sixty-three papers were presented at fourteen sessions. 
At an evening session, the John Fritz Medal was pre- 
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sented to Dr. Michael I. Pupin, and the Edison Medal 
was presented to Dr. E. W. Rice, Jr. Numerous in- 
spection trips, a smoker, and a dinner-dance were held. 
The registration was 1429. 


District Meetings 


District No. Location Dates Papers Registration 
YG Kansas City, Mo...... Oct. 22-24, 1931..... TS ds eee 411 
Dag ek Milwaukee, Wis....... Mar. 14-16, 1932..... a clatat ne, sie 552 


Papers were presented at District meetings by stu- 
dents as follows: Kansas City 10 and Milwaukee 10. 
A Conference on Student Activities was held at each 
of the two meetings listed above. 


Sections.— Nearly all Sections carried on a normal 

amount of activity, and the programs included the 
usual wide variety of interesting and important sub- 
jects. 
The formation of a Montana Section was authorized 
by the Board of Directors on June 24, 1931, and the 
Section was organized in the summer with the entire 
state as its territory. This brought the number of 
Sections to 60. 

The group activities of the Chicago and New York 
Sections were continued with excellent results. 

The Chicago Section and other local engineering 
groups continued the arrangements for post-college 
education of engineers which were begun in 1929. A 
review of these activities was published on pages 280— 
81 of the April issue of ELECTRICAL ENGINEERING. 

President Skinner visited a large number of Sections 
(see names under heading “‘President’s Visits’’), and 
will visit others later. 

Resolutions were adopted by the Board of Direc- 
tors, October 23, 1931, urging the Sections to consider 
organizing engineers’ unemployment relief committees 
in cooperation with other engineering groups. Re- 
ports received from the Sections indicate that a large 
number of them have participated in the development 
of plans which seem adequate to meet the local needs. 

The excellent methods developed by many of the 
Sections for maintaining close contacts with neighbor- 
ing Student Branches have been continued,.and the 
results become increasingly apparent as more and 
more of the students who have participated in them 
become active members of the Sections. 


Student Activities.—The interest in the Student 
Branch activities which has been so marked for the 
last two or three years is still as lively as ever, as is 
evidenced by the number of meetings held and the 
large number of student papers delivered. There is 
no doubt that this form of activity of the Student 
Branches, if continued, is destined to produce electri- 
cal engineers who can write good technical papers and 
present them clearly and effectively. 

In addition to attempting to give the electrical engi- 
neering students training and acquaintanceship with 
the activities of the Institute while they are still in 
college, the Committee on Student Branches has also 
for a year been working on the problem of improving 
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the grade of student who applies for courses in electri- 
cal engineering in the educational institutions. This 
year the committee prepared a thirty-two page book- 
let describing the various kinds of work which electri- 
cal engineers are doing and giving the characteristics, . 
training, and education which a young man should 
have in order to become an electrical engineer. The 
objects of this booklet are to encourage those who 
should go into this branch of engineering and discour- 
age those who are unfitted. 

Following a distribution of two copies of this booklet 
to each of a selected list of fifteen hundred of the lead- 
ing high schools in the country, and single copies to 
Section and Branch officers and Branch Counselors, 
requests for about nine thousand copies were received. 
Because of the widespread and enthusiastic approval 
which this booklet received, the Board of Directors 
authorized the printing of an additional ten thousand 
copies. 

The Engineering Foundation is preparing to pub- 
lish a pamphlet containing information on the main 
divisions of engineering. The Committee on Student 
Branches has contributed the chapter on electrical 
engineering. 

For some time the committee has been at work upon 
ways and means of getting Student Branches inter- 
ested and informed upon the problems of safety. 
Plans for this work are nearly completed, and are 
about to be launched. 


Section and Branch Statistics 


For Fiscal Year Ending 


April 30 April 30 April 30 April 30 
1926 1928 1930 1932 


SECTIONS 


Numberof sectionsy..4.50 ne ene eee Sie s 52 SOc 60 
Number of Section meetings held..... 405... 43 L752 480ee 497 
Totaliattendancesa: 45.05 ee 58,959. . .64,276. . .84,615. . .105,325 
BRANCHES 

Number of Branches... 55... + <= 1-0 SBaee 96.0: oy (LOBE 109 
Number of Branch meetings held..... 714... 915... 1,009... . 1,135 
‘Total attendanCesc.< saaes tere tins 35,270. . .44,334...50,401... 54,197 


Technical Program Committee (Formerly Meet- 
ings and Papers Committee)—The more important 
activities of the Technical Program Committee for the 
year 1931-82 have been the arrangement of technical 
programs for national conventions, codperation with 
District committees in arranging programs for Dis- 
trict meetings, and review of technical papers. 

As an aid to judgment in arranging technical pro- 
grams, an analysis was made during the year of the 
character of the material presented during the pre- 
ceding three years. This showed that some subjects 
had been accorded very little attention in Institute 
papers in comparison with others. For example, con- 
sidering only national conventions for the three-year 
period, the analysis showed that there were 62 and 50 
papers, respectively, on Power Transmission and Dis- 
tribution, and Electrical Machinery, while there was 
but one paper on Education, none on Electrochemistry 
and Electrometallurgy, and but three on the Produc- 
tion and Application of Light. In view of this, the 
Committee endeavored more fully to meet the broad 
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needs and interests of the membership by encouraging 
greater activity in the fields that had been receiving 
relatively little treatment. 

Gratifying results Were experienced from the Com- 
mittee’s efforts to plan programs earlier than had been 
practicable in the past and to obtain authors’ manu- 
scripts well in advance of the meeting for which they 
were proposed. 

In the interest of the Institute, as well as of the 
papers themselves, the Committee sought the coépera- 
tion of authors in keeping technical papers as short as 
was consistent with an adequate treatment of the sub- 
ject discussed. As a consequence, the average length 
of convention papers last year was more than half a 
page shorter than in the previous year. The con- 
ciseness of the papers resulting from this abridgment 
has, it is believed, contributed to wider attention to 
them on the part of the membership, and it has also 
permitted the publication of a larger number of papers 
than would otherwise have been possible. Budget 
limitations did not, however, permit the publication 
of all papers offered and the presentation of papers 
without publication was encouraged. In some cases, 
authors of papers provided preprints for the use of 
those attending the meeting. 

An effort was made to improve the general interest 
in technical sessions, particularly at national conven- 
tions, by assisting the authors to become thoroughly 
informed regarding the material and method of pres- 
entation which would be most interesting with due 
regard to the time available for presentation. 

The Committee reviewed 210 papers during the 
year, of which 163 were presented. Others are await- 
ing scheduling for further meetings. Of the total 
number, 113 have been recommended for publication 
in TRANSACTIONS and several for publication in ELEc- 
TRICAL ENGINEERING. Only a few of the papers sub- 
mitted were rejected. 

Three national conventions and two District meet- 
ings were held during the year. A total of 163 papers 
were presented, including 17 annual reports of techni- 
cal committees, as compared with a total of 229 papers 
presented last year. This decrease is due largely to 
the fact that only two District meetings were held as 
compared with five in the previous year. The attend- 
ance at the three national conventions was about 25 
per cent less than it was during the previous year, but 
the Summer and Pacific Coast Conventions were held 
in relatively sparsely populated sections of the coun- 
try. The Winter Convention attendance showed only 
an 11 per cent decrease from that for the previous 
year, which was good in the light of present conditions. 
Details regarding the attendance and numbers of 
papers presented at the various meetings are given in 
the accompanying table. 

In order to permit the greater part of the time avail- 
able for Technical Program Committee meetings to be 
devoted to the discussion and consideration of broader 
matters, the chairmen of the technical committees 
crystallized the programs for the sessions they were 
sponsoring prior to the committee meeting and the In- 
stitute Headquarters staff prepared in detail the pro- 
grams proposed for the different meetings. 
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_On the whole, good progress was made in the Tech- 
nical Program Committee work. The opportunities 
presented at the committee meetings for the broader 
consideration ef the more important problems in- 
volved in the Committee’s work marked a distinct 
step forward. Record is here made of the effective 
work and splendid coéperation throughout the year by 
ae the technical committees and the Headquarters 
staff. 


ATTENDANCE AND NUMBERS OF PAPERS PRESENTED AT 
CONVENTIONS AND MEETINGS 


May 1, 1931, ro Aprm 30, 1932 


No. 
papers 
No. No. recom- 
papers pages mendedfor No. of 
presented printed TRANS. sessions Attendance 


NATIONAL CONVENTIONS 
Summer Convention, 

Asheville, N. C., June 

22-26. aisthepnens.Sisuabeleianens AQ. hot ELiV/Momma ae Eh IPAS heres aaeth 542 
Pacific Coast Convention, 

Lake Tahoe, August 

2B =2B ici ca notions opeeme tases De srecaa ote 1680 occ VO sate) east Cn ere 247 
Winter Convention, 

New York, January 

PAs ae! Ree Sate he toe CBee etae AE Sercke = B2 caer. LA arotelya 1,429 


District MEETINGS 


South West District, 
Kansas City, October 


QOS DE fice Ss ca wieie tone Oe Lair ieee V4OS Fo .aere FU eins Canto Ban tayo 411 
Great Lakes District, 
Milwaukee, March. 
T4PUGM oon sete Cale cleans 16s.c ss WES rosceas LOM ace Bie cats wee 552 
sPotalle cin orl sias Bhs ee eit P18 PARR PAU Eee 3 Cpr tere ee 963 
Grand total. nicsseae- VW63 anes. LOO rs rai PS Fee tes gS OD: leereneee 3,181 


* Includes 17 Technical Committee Reports. 


Publication Committee.—Recognizing that the 
Institute, to keep growing, must be alive to the chang- 
ing requirements of its members; recognizing that the 
Institute’s activities and publications to serve ade- 
quately must be alive to changing conditions; and 
recognizing that the monthly publication constitutes 
the main channel through which institute members 
may conveniently and effectively keep informed as to 
current technical and professional developments and 
the Institute’s participation therein, the Committee 
selected the monthly publication as representing the 
logical field in which to pioneer the development of in- 
creased and more effective publication service to mem- 
bers. As for the program embraced in the new publi- 
cation policy as adopted in 1930, comments received 
from Institute members throughout the country have 
indicated to the committee that ELpcrricaL ENGcI- 
NEERING for sixteen months (including April 1932) has 
been meeting with increasing effectiveness the require- 
ments of the situation. - In sixteen consecutive issues, 
ELECTRICAL ENGINEERING has carried to the member- 
ship comprehensive abstracts of 127 Institute papers, 
169 articles conveying either the entire or the essential 
substance of an equal number of Institute papers, 79 
timely articles of a special character, selected to give a 
better balance to the published material, 17 official 
reports of technical committees, and comprehensive 


and timely news reports of all Institute District meet- 
ings, conventions, and other important activities. 

With the April 1932 issue, still further physical im- 
provements were effected in ELECTRICAL ENGINEER- 
ING and its production procedure. As a result of an 
exhaustive investigation conducted by the editorial 
staff, all the mechanical processes were consolidated 
and transferred to a new and larger plant removed 
from New York’s congested metropolitan area and de- 
voted primarily to scientific and technical periodicals. 
Also, new paper of high quality and softer finish was 
adopted to improve readability and materially reduce 
eyestrain resulting from reflected light. Of impor- 
tance and significance in connection with these im- 
provements is the fact that, at the same time, produc- 
tion costs were materially reduced. 

The monthly publication, ELECTRICAL ENGINEER- 
ING, is well understood to be one of the Institute’s most 
important services to its every member. ‘Therefore, 
its publication committee and staff are determined to 
leave untried no efforts that may make this service 
more widely useful and more definitely valuable. It 
will continue to pioneer the way in the direction of 
greater and more effective publication service to In- 
stitute members. 

Other matters, of course, have occupied the Com- 
mittee’s attention, including more or less routine in 
connection with the publication of TRANSACTIONS and 
advance pamphlets. TRANSACTIONS, of course, is now 
continuing as a quarterly publication providing the 
usual record publication for formally accepted Insti- 
tute papers and related discussion. The advisability 
of continuing past practice in connection with the pub- 
lication of advance pamphlets has been questioned, 
and the committee is undertaking to investigate the 
situation thoroughly. Data are being collected and 
several experiments are under way or contemplated. 
For the present, however, no conclusions have been 
reached, and no change in policy has been made or 
recommended. Investigations are planned to be car- 
ried forward in an effort to determine the possibilities 
for improved and better codrdinated publication 
service. 

Coordination Committee.—In accordance with its 
past practice, the Committee corresponded with Dis- 
trict and Section officers to obtain their views regard- 
ing national conventions and District meetings desired 
in their respective Districts during the year 1933. The 
complete schedule of 1933 meetings which the Com- 
mittee recommended to the Board of Directors was 
approved on January 27, 1932. 

After considering recommendations made at the 
Conference of Officers, Delegates, and Members, June 
23, 1931, concerning methods of encouraging members 
who are qualified for transfer to the higher grades to 
submit their applications, the Committee recom- 
mended the appointment of a national standing com- 
mittee on transfers and the encouragement of the ap- 
pointment by each Section of a suitable committee. 
These recommendations were approved by the Board 
of Directors on January 27, 1932. The national com- 
mittee has been appointed, and many of the Sections 
have appointed their committees. 
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The Committee recommended some revisions of the 
rules governing the award of national and District 
prizes and these were approved by the Board of Direc- 
tors on January 27, 1932. 

Various other matters referred to the Committee by 
the Board of Directors and the National Secretary 
were considered. ; 


Standards Committee.— During the past year, the 
Standards Committee has been engaged chiefly in 
matters of coérdination of going projects and revision 
of existing standards. In the development of new 
projects, the Committee has depended almost entirely 
on the technical committees of the Institute, and 
through them there has been presented a number of 
revisions of existing standards, and one new project 
“Klectrical Recording Instruments’; also a subcom- 
mittee of the Standards Committee has developed a 
proposed “‘Standard for Relays.” One feature of par- 
ticular interest during the year was the publication of 
a report on a proposed ““Test Code for Transformers,” 
which it is expected will be followed by test codes now 
being developed by the Committee on Electrical Ma- 
chinery for other types of apparatus. 

Standardization work in codperation with the 
American Standards Association has developed rap- 
idly. The plan for coérdination of standardization 
activities in the entire electrical field, which was fos- 
tered by the Institute and calls for centralization in the 
Electrical Standards Committee, actually got under 
way in a meeting in October 1931, at which the Elec- 
trical Standards Committee superseded the Electrical 
Advisory Committee. The Institute continued its 
representation on some thirty sectional committees, 
acting under the auspices of other sponsor organiza- 
tions, and holds sole sponsorship for eight projects and 
of a number of joint relationships. With regard to 
the joint sponsorship projects, it should be noted that 
there is a very definite tendency to urge that such un- 
dertakings be placed under the sole sponsorship of the 
Electrical Standards Committee, and in certain cases 
the Institute has agreed to this on the recommenda- 
tion of the Standards Committee. 

Another trend now in evidence is indicated in the 
consolidation of sectional committees whose scopes 
cover closely related types of apparatus. Both of 
these movements, it is hoped, will tend to expedite 
work which has been slow in developing, largely be- 
cause of the complicated procedure involved in plural 
sponsorships, and will also economize in the man-hours 
required to carry on the work. A number of sectional 


. committees under A.I.E.E. sponsorship or joint 


sponsorship have submitted reports for approval to 
A.S.A., notably “Mercury Arc Rectifiers,” ‘Scientific 
and Engineering Symbols and Abbreviations’ and 
“Insulated Wires and Cables.” The report on the 
proposed American Standard for ‘“‘Abbreviations for 
Scientific and Engineering Terms’? which has been 
under discussion for some time, and was referred by 
the Board of Directors to the Publication Committee 
for final action, was approved by that body at its April 
meeting. Because of the large number of organiza- 
tions interested and the immense amount of detail in- 
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volved, the Sectional Committee on Electrical Defini- 
tions found it necessary to postpone the issuance of its 
first report, and arrangements have now been made to 
make this very extensive project available in report 
form during the first half of this year. Finally, the 
Institute has referred to A.S.A. several of its existing 
Standards and Reports on Standards which have 
reached the point where it would seem they are 
ready for action by the Electrical Standards Com- 
mittee. 


Committee on Code of Principles of Professional 
Conduct.—A resolution adopted by the American 
Institute of Consulting Engineers condemning the 
practice of public officials and corporations in soliciting 
bids from engineers for services to be rendered and the 
practice of engineers of responding to such invitations 
was referred to the Committee by the Board of Direc- 
tors. Upon the recommendation of the Committee, 
the Board of Directors adopted resolutions, at its De- 
cember 4, 1931, meeting, endorsing in principle the 
resolution of the American Institute of Consulting 
Engineers, and urging members of the Institute to op- 
pose such practices and to give their support to suit- 
able methods of emphasizing the importance of select- 
ing engineers on the basis of their qualifications for the 
work under consideration. (See ELecrricaL ENGI- 
NEERING, January 1982, p. 55.) 


Committee on Legislation Affecting the Engi- 
neering Profession.— Upon the recommendation of 
the Special Committee on Institute Policies, and with 
the concurrence of Chairman Kidder of the Committee 
on the Engineering Profession, the name of the latter 
committee was changed by the Board of Directors to 
“Committee on Legislation Affecting the Engineering 
Profession,’’ and a new standing ‘““Committee on the 
Economic Status of the Engineer’ was appointed. 
This action was taken in order that the large number 
of important matters which would ordinarily come be- 
fore a committee dealing with the engineering profes- 
_sion might be divided, thus enabling the committee 
now known as Committee on Legislation Affecting the 
Engineering Profession to devote its principal efforts 
to those legislative activities which, as the name of the 
Committee implies, may have a bearing on the engi- 
neering profession. 


Committee on the Economic Status of the Engi- 
neer.—The appointment of this Committee was 
authorized by the Board of Directors, on June 24, 
1931, as a result of the recommendations mentioned in 
the preceding paragraph. 

The Committee recommended to the Board of Di- 
rectors the adoption of a resolution urging that all 
Sections of the Institute coéperate with other engi- 
neering groups in the formation of local engineers’ 
committees to promote employment and the relief of 
unemployed engineers. The resolution was approved 
by the Board of Directors on October 23, 1931, and 
was transmitted to the Sections promptly. 

The Committee considered various other matters 
which had been referred to it. 
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U.S. National Committee of the I.E.C.—The 
U.S. National Committee of the International Elec- 
trotechnical Commission has, during the past year, 
been reorganized for the purpose of making it an in- 
tegral part of the new scheme of standardization in the 
electrical industry which centers in the Electrical 
Standards Committee. In order to do this the power 
of appointing members of the U.S. National Com- 
mittee, which was originally held solely by the 
A.L.E.E., but afterward by other constituents of the 
electrical industry as well, has been surrendered to the 
Electrical Standards Committee, except that the 
American Society of Mechanical Engineers continues 
to exercise its right of direct appointment. The mem- 
bership of the Committee as reorganized consists of, 
first, the members of the Electrical Standards Com- 
mittee, second, members appointed by the American 
Society of Mechanical Engineers, third, members 
selected by the Electrical Standards Committee in 
view of their knowledge and experience and compe- 
tency in the international aspects of electrical stan- 
dardization. 

It is believed that the new arrangement will be very 
advantageous, inasmuch as, through this direct affilia- 
tion with the E.S.C., the I.E.C. will look to that 
authoritative body as a source of advice and instruc- 
tions in regard to standardization in the electrical 
field. Furthermore, its technical work can be ex- 
ecuted to a large extent by existing sectional com- 
mittees or others to be appointed. Because of these 
facts and because of the official connection thereby 
constituted between the U.S.N.C. and the American 
Standards Association, whereby the machinery and 
the financial support of the A.S.A. become available, 
the U.S.N.C. will, it is believed, be able to operate 
more efficiently and to speak at international meet- 
ings with greater authority in regard to American 
matters. 

The following officers of the committee have been 
elected: 

C. O. Mailloux, Honorary President; C. H. Sharp, 
President; C. R. Harte and H. S. Osborne, Vice-Presi- 
dents; P. G. Agnew, Secretary; and J. W. McNair, 
Asst. Secretary. 

In technical matters the past year has seen meetings 
of two of the International Advisory Committees: 


1. The Advisory Committee on Electrical and Magnetic Magni- 
tudes and Units met in London in September last, reaffirmed the 
decisions reached at Oslo, 1930, on magnetic units which had been 
questioned in certain quarters, and made arrangements for co- 
operation on these matters with a committee of the International 
Physical Union. 


2. The Advisory Committee on Lamp Caps and Sockets met in 
Cambridge, September 1931, and decided to recommend to the 
LE.C. that the American Standard dimensions for the Edison screw 
base and socket should be recognized as I.E.C. standards in addition 
to the corresponding standards already adopted at the Oslo meeting. 


At the request of the French National Committee, 
the U.S.N.C. formed a committee for the purpose of 
organizing American participation in the International 
Electrical Congress which is to be held in Paris, July 
4-12, 1932. .This Committee, the Chairman of which 
is Dr. A. E. Kennelly, and the Secretary, Dr. H. 
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Pender, has arranged for a large number of important 
papers and reports from this country to be pre- 
sented at that Congress. As the first International 
Electrical Congress to be held since the St. Louis 
Congress in 1903, and marking the period of 50 
years since the first Electrical Congress, this Con- 
gress promises to be an important event in electrical 
history. 


Technical Committees.—Reports of technical 
committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the annual Summer Convention and 
printed in ELECTRICAL ENGINEERING and the TRANS- 
ACTIONS. 


Membership Committee.—In the fall of 1931, the 
Membership Committee sent out the customary letter 
to all members of the Institute pointing out that dur- 
ing the coming year, probably more than at any other 
time, it was of utmost importance for every member 
loyally to support the activities of the Institute and to 
do his utmost in helping secure new members. Each 
member was asked to fill in a form giving the names of 
five prospects, and send it to the chairman of the 
membership committee of his Section, whose name 
and address were given in an accompanying folder. 
This plan reduced the handling cost, and saved con- 
siderable time. Hence, it has been found more satis- 
factory than having the forms mailed to Headquarters 
for distribution to the Sections. 

In order to encourage each Section to establish some 
suitable system for keeping records of members and 
prospects and for transferring accurate information to 
its incoming committee each year, the National Com- 
mittee distributed copies of a report explaining in de- 
tail the systematic and businesslike membership pro- 
gram adopted by the Pittsburgh Section several years 
ago, which has been used very successfully. It was 
requested that each Section adopt some definite 
membership policy, the so-called “Pittsburgh Plan,” 
a modification thereof, or an entirely different 
method better suited to the particular requirements 
of the Section. 

The response to this request has been most grati- 
' fying. Many of the Sections adopted the Pittsburgh 
Plan in its entirety, while others used modifications 
thereof. In addition, several Sections amplified the 
plan to include a definite procedure for soliciting the 
advancement of qualified members to higher grades. 
It is the intent of the Committee to request a definite 
report from each Section as to the actual plan 
adopted, results obtained, and modifications sug- 
gested. It is hoped that from these reports the 
Membership Committee will be able to prepare a 
simple yet effective membership routine which will be 
submitted to the Institute for consideration as a 
national policy. 

Despite the general business conditions, 1,391 ap- 
plications for admission were received. The addi- 
tions to and deductions from the membership during 
the year are given in the following table. The total 
membership as of April 30 is 17,550. 
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Honorary Fellow Member Associate Total 


Membership on April 30, 1931...10..... 1D Ascites 3,848..... 13,725 0% 209 18,334 


Additions: 
TPranslerned sarereteteraehsteeivecitan! 0 eieke 1 ote a UGU seta 
New members qualified....... ...-. Ps Bo a0 Choos 1,094 
Weinstated.. precio elerery sles, eisasiee es Sanit 24 
Totalis.cc rcheos tactile toca as 10 sciae. (Os clots 4,098..... 14,843..... 19,716 
Deductions: ; 
Died sd tos eepca ees A feces Liane SO Srstistens 57 
Restored: 5. .teielete oles lair kre! ms scene cers Baiceetets 572 
Trazsterredt cmictisisciesbacire a2) cveleetet my geistereya Roe o c 164 
Droppeds,.c.ee see seas 6s Mecisiels (eras A LOG. acters 1,118 


Deaths.—The following deaths have occurred dur- 
ing the year: 


Honorary Member: Thomas Alva Edison. 

Fellows: Thomas H. U. Aldridge, Frank G. Baum, Bernard A. 
Behrend, Joseph Bijur, H. Eugene Chubbuck, Charles L. Edgar, 
Joens E. Fries, Francis M. Hartmann, Carlyle Kittredge, William E. 
Richards, Lewis T. Robinson, Harold B. Smith, Samuel W. Stratton, 
Lewis S. Streng, Edward Taylor, Edward W. Trafford, Donald F. 
Whiting. 

Members: Edward G. Acheson, George M. Bates, Oliver J. 
Bushnell, Edward J. Condon, John R. Cowley, George G. Cree, 
Harry P. Davis, William I. Donshea, Benson O. Ellis, William H. 
Fernholz, John A. Foerster, Thomas Foulkes, Truman P. Gaylord, 
Brace H. Hamilton, Jesse Harris, Frederick L. Hutchinson, Jeremiah 
J. Kennedy, Gifford LeClear, Max Neuber, George M. Ogle, Harold 
G. Payne, William D. Pomeroy, C. M. Roswell, Herbert R. Row- 
land, Howard R. Sargent, William F. Smith, Hans C. Specht, Jay L. 
Stannard, Max Toltz, Alexander J. Wurts. 

Associates: Edward D. Adams, Cedric §. Anderson, Marvin C. 
Ansteth, Clark E. Baker, Willis H. Banks, Joseph T. Blondin, James 
W. Brown, William H. Bullock, Roy R. Burkholder, Wiliam F. 
Callahan, Harold Calvert, Rufus N. Chamberlain, Bradley L. Child, 
Isabelle W. Conlin, John B. Cornell, Delbert M. Cross, Charles 
Day, Alva C. Dinkey, Leslie C. Dobson, Clyde Drake, W. Bryan 
Duncan, Earl G. Eggler, G. H. Finks, Bruce Ford, Melville W. 
Fuller, Louis R. Gatchell, James J. Green, John P. Gregory, Stanley 
E. Heisler, Adolf O. Heyden, Horace Hinz, G. Vernon Hobbs, 
Engelhardt W. Holst, Leslie Killam, John J. Larkin, Isaac N. Lewis, 
Edward K. Lewison, Henry Lieberman, John D. Lindstrom, Charles 
E. Long, Raymond S. Masson, Carl Leo Mees, J. Walter Miles, 
Joseph F. Morris, John D. Nies, Christian Nyholm, Jan D. Otten, 
W. S. Richmond, Arno A. Rohde, Charles F. Royce, Otto E. Vogt, 
D. A. Wadia, Cyril T. Wall, Lewis J. Wells, Bertram P. Wilber, 
Stanley Wokis, Edward O. Zwietusch. 


Board of Examiners.—The Board of Examiners 
held nine meetings during the past year, averaging 
about two and one-quarter hours. A total of 3,229 
cases were considered, divided as shown in the follow- 
ing table: 


APPLICATIONS FOR ADMISSION 


Recommended for grade of Associate........ Pi DCO ce Ord 1,325 

Notitecommended).j.,:28% sate ater cistelasese le eee Le meee eS 11 1,336 

Recommended for grade of Member.............00e0cevece 70 

IN OF recommmende dosrscs, s:5/cs\se;s40 0) acts saueerne niche hate eee eee 9 79 

Recémmended for grade. of Fellow... 0 .c.c0..020.s-0 seeps 2 

Not recommended 3 

Recommended for enrolment as Students 1,636 

APPLICATIONS FOR TRANSFER 

Recommended for grade of Member...............0e00s008 149 

Not recommended. ois cicepetyiera, oN are ener bela ae are ae 17 166 

Recommended for grade of Fellow.........<<00cscc+vsceeds 7 

Not reconimended sy ssjs..6 005 cable cid vig «eres ele ae a hema ale 2 9 
3,229 


Institute Prizes.—Four national prizes ($100 
each) and ten District prizes ($25 each), for papers 
presented in 1930, were announced in the June 1931, 
issue of ELECTRICAL ENGINEERING. The national 
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prizes were presented at the Summer Convention in 
Asheville, and the District prizes were presented at 
various meetings in the respective Districts. 


Scholarships.—The governing bodies of Colum- 
bia University have placed at the disposal of the In- 
stitute each year a scholarship in electrical engineer- 
ing for each class. The awards are made annually 
by an Institute committee. Each scholarship pays 
$350.00 toward annual tuition, with provision for re- 
appointment. 

Complete details governing prizes and scholarships 
may be obtained by applying to the National Secre- 
tary of the Institute. 


Edison Medal.—The Edison Medal, founded by 
associates and friends of Thomas A. Edison, is 


awarded annually by a committee consisting of ° 


twenty-four members of the Institute “for merito- 
rious achievement in electrical science, electrical engi- 
neering, or the electrical arts.’”’ The medal for 1931 
was awarded to Dr. Edwin Wilbur Rice, Jr., ‘‘for his 
contributions to the development of electrical sys- 
tems and apparatus and his encouragement of scien- 
tific research in industry.”” The medal was pre- 
sented at the Winter Convention of the Institute, 
January 27, 1932. 


John Fritz Medal.—The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of civil, mining, mechanical, and 
electrical engineers, awarded the twenty-eighth 
medal to Dr. Michael Idvorsky Pupin. 


Lamme Medal.—The Lamme Medal was founded 
as a result of a bequest of the late Benjamin G. 
Lamme, Chief Engineer of the Westinghouse Electric 
& Manufacturing Company, who died on July 8, 
1924. The bequest provides for the award by the 
Institute of a gold medal (together with a bronze 
replica thereof) annually to a member of the A.I.E.E. 
‘who has shown meritorious achievement in the de- 
_ velopment of electrical apparatus or machinery”’ and 
for the award of two such medals in some years if the 
accumulation from the funds warrants. 

The Lamme Medal Committee of the Institute 
awarded the fourth (1931) Lamme Medal to Mr. 
Giuseppe Faccioli, ‘‘for his contribution to the devel- 
opment and standardization of high-voltage oil-filled 
bushings, capacitors, lightning arresters, and numer- 
ous features in high-voltage transformers and power 
transmissions.” Arrangements are being made for 
the presentation of the medal at the annual Summer 
Convention at Cleveland, Ohio, June 20-24, 1932. 


Commission of Washington Award.—The Wash- 
ington Award for 1932 was made to Dr. William D. 
Coolidge, “‘for his scientific spirit and achievement in 
developing ductile tungsten and the modern X ray 
tube.”’ 

The award is made annually “‘to an engineer whose 
work in some special instance, or whose services in 
general have been noteworthy for their merit in pro- 
moting the public good,’ by a committee composed 
of nine representatives of the Western Society of 


REPORT OF BOARD OF DIRECTORS 


1125 


Engineers and two each from the A.S.C.E., the 
A.I.M.E., the A.S.M.E., and the A.L.E.E. . 


Employment Service.—The Institute codperates 
with the national societies of civil, mining, and me- 
chanical engineers in the operation of the Engineer- 
ing Societies Employment Service with its main office 
in the Engineering Societies Building, New York. 
Offices are operated in Chicago and San Francisco 
also. In addition to the societies named, others co- 
operate in certain of the offices as follows: New 
York—Society of Naval Architects and Marine En- 
gineers; Chicago—Western Society of Engineers; 
San Francisco—California Section of the American 
Chemical Society, and the Engineers’ Club of San 
Francisco. 

The New York office has been coéperating closely 
with the Professional Engineers Committee on Un- 
employment which was organized in the fall of 1931 
by the local Sections of the A.S.C.E., A.I.M.E., 
A.S.M.E., and A.I.E.E. 

The service is supported by the joint contributions 
of the societies and their individual members who are 
benefited. As in the past, it consists principally in 
acting as a medium for bringing together the employer 
and the employee. In addition to the publication of 
the Employment Service announcements monthly 
in ELECTRICAL ENGINEERING, weekly subscription 
bulletins are issued for those seeking positions. 


American Engineering Council.—This organiza- 
tion, now including in its membership twenty-seven 
national, state, and local engineering societies with a 
total membership of about 62,000, has continued to 
represent its constituents in matters affecting the 
public welfare and involving the engineering and 
allied technical professions. 

During the past year, recommendations were made 
concerning many bills presented in the Congress of 
the United States, and much attention was given to 
methods of reducing unemployment among engineers 
and to studies of the causes whick produced the de- 
pression. The Council had a representative on the 
President’s Emergency Committee for Employment. 
Its Committee on Relief from Unemployment, and 
Committee on Relation of Consumption, Production, 
and Distribution presented comprehensive reports. 
The Council sponsored the formation of Committees 
on Engineers and Employment which were organized 
in nearly all of the states. 

The Council’s many special committees include 
those on: Administration of Public Works; Airports; 
Air Transport Service in Foreign Countries; Bridges; 
Communications; Competition of Governmental 
Agencies with Engineers in Private Practice; Corps 
of Engineers; Engineering Features of Public Domain 
Report; Engineers and Employment; Engineers 
Water Power Policy; Flood Control; Man-Hour In- 
formation; Membership Contributions; Muscle 
Shoals; Naval Towing Tank; Oil Pollution of 
Streams; Patents; Reforestation; Relation of Con- 
sumption, Production, and Distribution; Represen- 
tation; Public Works; Street Traffic Signs, Signals, 
and Markings; and Water Resources and Control. 
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United Engineering Trustees, Inc.—This organi- 
zation, formerly United Engineering Society, was set 
up by the four national societies of civil, mining, me- 
chanical, and electrical engineers to hold in trust and 
to administer for them the Engineering Societies 
Building, in which their headquarters are located, 
certain funds, and the Library. Its charter gives it 
broad powers for the advancement of the engineering 
arts and sciences. 

Extracts from the annual report of the United 
Engineering Trustees, Inc., were published on page 
285 of the April 1982 issue of ELECTRICAL ENGI- 
NEERING. 


Engineering Foundation.—This department of 
United Engineering Trustees, Inc., was established in 
1914 by the national societies of civil, mining, me- 
chanical, and electrical engineers ‘“‘for the further- 
ance of research in science and in engineering, or for 
the advancement in any other manner of the profes- 
sion of engineering and the good of mankind.’ It 
was conceived by Ambrose Swasey, of Cleveland, 
Ohio, and he has made four gifts toward its endow- 
ment. The fund has been generously increased 
through the gifts of Edward D. Adams and others, 
and also through a bequest of the late Henry R. 
Towne. 

Appropriations have been made for various re- 
search projects and codperation has been extended 
in others. 
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Engineering Societies Library.—The Library is 
administered as a free public library under the direc- 
tion of the Library Board of United Engineering 
Trustees, Inc., this Board being composed of repre- 
sentatives of the national societies of civil, mining, 
mechanical, and electrical engineers. 

The Library contains about 200,000 books and 
pamphlets. It receives regularly about 1,200 techni- 
cal periodicals in many languages, and about 800 ad- 
ditional publications issued irregularly. 

A staff of technically trained searchers and transla- 
tors is maintained. The staff is prepared to furnish 
the following types of service: photoprints, abstracts, 
translations, bibliographies, searchers, etc. Special 
arrangements have been made for lending books. 


Representatives.—The Institute has continued 
its representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years. A complete list of 
representatives is published in the September and 
January issues of ELECTRICAL ENGINEERING. 


Finance Committee.— During the year the Com- 
mittee has held monthly meetings, has passed upon 
the expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it 
in the Constitution and By-Laws. 

Haskins & Sells, certified public accountants, have 
audited the books, and their report follows. 


Respectfully submitted for the Board of Directors, 


May 20, 1932. 


H. H. HENLINE, 


Assistant National Secretary. 


December 1933 REPORT OF BOARD OF DIRECTORS 1127 


HASKINS & SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 22 EAST 40TH STREET 


NEW YORK 


May 17, 1932. 


American Institute of Electrical Engineers, 
33 West 39th Street, 
New York. 


Dear Sirs: 
We have audited your accounts for the year ended April 30, 1932, and 
submit the following exhibits and schedule: 


Exhibit 
A—Balance Sheet, April 30, 1932. 


Schedule 1—Reserve Capital Fund—Securities, Less Reserve 
for Bonds of Doubtful value. 


B—Summary of Income and Surplus for the Year Ended April 30, 
1932. 


We hereby certify that in our opinion Exhibits A and B set forth the 
financial condition of the Institute at April 30, 1932, and the results of its 
operations for the year ended that date. 

Yours truly, 
Haskins & SELLS 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


ExuHIsBit A. 


ASSETS 
REAL ESTATE: 
One-fourth interest in Land, Building, and Equip- 
ment of United Engineering Trustees, Inc., 25 
to 33 West 39th Street (depreciation carried on 


books of the United Engineering Trustees, Inc.)............ 


EQUIPMENT: 
Library—Volumes and fixtures................. 
Works of art, paintings; (ets 2% deeteatese ce «ysl tein 
Office furniture and fixtures........ $ 32,341.64 
Less reserve for depreciation (includ- 
ing ($10,361.81 funded)......... 17,508.40 


‘Eotall equipsient.c..casiasnaecio wees elnid > ots 
WORKING ASSETS: 
APE PARSOCELOTS ©. CECA ci Mess hipirae bi ails isitega ethic wl aXe) Scie 
MExt and COVED, PAPEL ss teteists chi aieyel el suse es founconsie 
BAG FOS Berrerereteie Pave raceee eicyane rates ve leyte sinter ews torarertie, ee 


OLA) WOLKE ASSCUS cere cance hoe aess es coed ere 
CURRENT ASSETS: 
Cash.. p 
ecousts Geneivable: 
Menibers—Por dues. ....22< 20 cen cee see 
Advertisers.. 
Miscellaneous. . 


Ruste 2,412 
Accrued interest on  Faweaemients: 


*PEtaleurrent ASSetsiciace cn. cncresccsuete teenie 
FUNDS: 
Reserve Capital Fund: 
Cash.. 
mecanieaes: ies reserve eter Bonds of 
doubtful value—Schedule 1.... 


Life Membership Fund: 

Cash. : 

Chicaso ner Gated & Quincy Rail- 
road 4% bonds, 1958, registered, 
face value, $5,000.00.......... 

NGetmted INterest « toyesiesne evsresis iain 


$ 6,799.11 


185,386.75 


$ 6,359.09 


75 
33 


4,868. 
33. 


International Electrical Congress of 
St. Louis—Library Fund: 
Cash. ps a $ 
New Work ‘City 41/2% eb parate 
stock, 1957, par value, $2,000.00 
New York Telephone Company 
41/2% bond, 1939, registered, 
face value, $1,000.00.......... 
Wieeritedinterests.o.. 6.0 s sae = 


Mailloux Fund: 
Cash.. P $ 0. 
New York! Welephone Couigany 

41/,% bond, 1939, registered, 
face value, $1,000.00.......... 
Acertied interests: ci00- 0/0. ss fs 


Lamme Medal Fund: 
Cash.. aiee $ 
Beitinore and Ohio Rairasd om: 
pany 6% refunding and general 
mortgage series ‘‘C’”’ bond, 1995, 
face value, $4,000.00.......... 
Accrued interest. 2.2.5... ¢56225 65 


.60 


05 


.75 
-50 


94 


.00 
-50 


-78 


.00 
.00 


Depreciation of Furniture and Fix- 
tures Fund: 
Cash.. err $ 
Clevetand Union Tetminals dome 
pany 5% sinking fund series 
“B” gold bonds, 1973, regis- 
tered, face value, $4,000.00... . 
Fidelity Union Title and Mort- 
gage Guaranty Company first 
mortgage certificates (on prop- 
erty, Nos. 75—79 Prospect Street, 
East Orange, N. J.) 51/2%, due 
1933, face value, $1,000.00.... 
United Gas Improvement Com- 
pany $5.00 preferred stock, 20 
SHATER TO gacdey oousie, apelin bce evapo, 
Consolidated Gas Company of 
New York $5.00 cumulative pre- 
ferred stock, 30 shares......... 3,060.0 


ALERT N AI ETN A earcraret aoe ree ce ats crx ipa hata bel wats 


81 


4,010.00 


00 


1,000. 


1,995.00 


$ 39,296. 
3,001. 


14,833. 


$ 5,316. 
849. 
$ 1,118. 


$ 14,505. 


34,344, 
429. 

46 
2,956. 


$192,185. 


11,261. 


1,023. 


4.645. 


10,361. 


37 
35 


84 


79 
00 


64 


86 


17 


4,521.90 


44 


78 


81 


$496,948.48 


57,130.96 


7,283.49 


54,648.73 


223,999 .96 


$840,011.62 


BALANCE SHEET, APRIL 30, 1932 


LIABILITIES 
CURRENT LIABILITIES: 

Accounts payable. . $ 8.145 
Dues received in a Sa 2,301. 
Entrance fees and dues mavanced < applicants 

for membership. . a alevnte eave ae eee 310. 
Subscriptions for \Grraeusactions” Teteived in ad- 

ides: (rere pipet, Sta ori ey Ae OME OT o oe cd 126. 


28 
63 


50 


00 


Total curtent liabilities... civocc.ce «corte oe timers erate 


FuND RESERVES (Not INCLUDING DEPRECIATION RESERVE): 
Reserve Capital Fund............. $204,884.61 
Less provision for reserve for bonds 


of doubtfil valties 2. cue eee 12,698.75 $192,185. 
Life Membership Fund. 11,261. 
International Electrical Chantess. of ‘st. Louis— 

Library Bund ).jop cease eee nears 4,521. 
Mailloax Fund i vira8s pesca re eee eee 1,023. 
Lamme Medal Ftd) ..c. ter eyrsee gerade eee 4,645. 


Total fund reserves (not including depre- 
clation: reserves j..2/ac1o chs en eee 


SURPLUS, Per, Exhibit. SoBe cteatecctee le eee renee 


Transactions_A.I.E.E. 


$10,852.41 


213,638.15 


$615,521.06 


$$ 


Otel iecutieistipiate edges Ne Haneda Lic 


$840,011.62 


December 1933 


REPORT OF BOARD OF DIRECTORS 


1129 
AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
SUMMARY OF INCOME AND SURPLUS FOR THE YEAR ENDED APRIL 30, 1932 
EXHIBIT B. 
INCOME: ToraL INCOME—(FORWARD).........0-.0ece0eees $335,321.54 
Dues. oo. . *$225,245 37 EXPENSES —(RNORWARD)) sp cc cass 2s cvs ace.--. $276,255, 02 
eq aaest ee i RN Rete eee 10,685.75 Code committee. . Lith GORE OE CR IEERC  Gem OG 60.00 
PEMETATUCC TEES): 2p5 ha yee +o: vise’ 'e voley os asada a. ctehvce 5,987.50 Technical gornnnittcess Ae Fi 164.65 
phramaterstecs Meme ee. chi ite cere ks ee 865.00 Committee on legislation affecting the « engineering 
Advertising. . ae 52,048.07 profession. . ee Sicesttee ce tele wits fae tov neck iote 501.50 
“Electrical Pfainceding’? ahecriotions. ee SS. 8,990.52 Headquarters committee. sfWtaiaiele[eietheleNsledeieiieieis 360.50 
“Transactions” subscriptions..i.....-...--..... 12,755.87 Standards. . 4e SoveDe 7,133.33 
Sales—Miscellaneous publications............... 7,986.68 American Standards ‘Association. . 1,500.00 
sales—Badges............. $ 2,070.25 United States National Committee of ‘aternge 
WPBSSROSGE Fane < Gooseneck as. 3 2,175.82 $105.57 tional Electrotechnical Commission. ae 205.09 
ee United States National Committee of sisternes 
Interest on securities in reserve capital fund...... 9,693.52 tional Commission on Illumination............ 300.00 
Interest on securities in depreciation reserve fund... 549.16 Engineering Societies Library—Maintenance..... 10,093. 52 
Interesteon bank balances..............0-02++ 619.67 Engineering Societies Employment Service....... 2,701.60 
pis Sol ali United Engineering Trustees, Inc.—Assessment. . 5,713.56 
TERT arco tie ee ec ne Eee en ee $335,321.54 es Rane mmaeR AiO ee 16,065. 82 
Institute prizesh. ces sian ete eee ee 453.44 
Edison medal cena Ree td Shiokede Game 184.96 
Folate medal ei eee sive, wife: Sistbesc ats lsat 324.94 
EXPENSES: ae beens Pe 
Publications: Dotal sac iciasatevatet clove, fa weno mievtonel so) gue lafeuene uate Sets, artes, eRe OMe 
“Electrical Engineering’’......... $ 85,838.95 a ee 
BARE ALSACELIONS 7 2), 10:5 ardisrets cle oe ad 0 21,506.18 Nir INCOME. Jie ie se ao Os aisles oie eo ite e Ce roe oa sleicile Gemeente DELO DOGMA 
Mechnical paperss . cis. i. nc oats © 18,616.00 
SURPLUS CREDITS: 
Ses aes Ay sree ee ae ee $133,252.01 Increase in value of library. . 4 $ 1,500.00 
FEE nee a a a : : , : Adjustment of Life Membership Reseryewacess 
ear ae of fund over required amount as determined by 
the Institute in accordance with the by-laws... . 909.61 
MHS A TTT COLETL BS SY, oi%s loleertersto avorverai siahaie! ee ol le) siete 14,841.15 Sa 
Administrative EXPENSES). 60... oro siesecs dee seviwe 58,147.21 EOtal? sais il eee Aa eae ae 2,409.61 
President’s special appropriation..............-. 1,926.31 Se 
Traveling expenses: GROSS SURPLUS POR THE YEAR... icc act ome s sie $15,712.72 
Board of Directors. ae aoe 5,056.50 TGR Gre: 
National Ropiinating amnnitered! Soqadoogcoo ton 932.65 ncollectabletdnestandannpersheh =a ecommttter 
Institute representatives............000e sees 45.00 A bone erg re PL Oo Ceiba op) 
Sections. ...... Sevag Siete S| area 35,463. 39 Provision for depreciation of furniture and fixtures 2,247.13 
Geographical districts’ SzPenses: Loss on disposal of office fittings..............+. 64.85 
PRCA ELI CHEPENSES: sae Sueded A) IPS yee ep Woh Dy POE My a a a Tia a ee 
Executive committee.......... $ 2,595.51 TP OtAI ep ee eee 15,807.20 
Vice-presidents.. 828.13 PI ES <5 
District best paper prizes. 100. 02 DEFICIT FOR THE VEAR.....unccs ceed scresecr ose $ 94.48 
District prizes for initial paper... 75.00 3,598.66 Seats GME ARI ee oe ny oes towne $601,780.04 - 
i ate Add amount transferred from Reserve Capital Fund 
in accordance with resolution of the Board of 
Saaceaaines, ea 15,154.36 Dinectorss ascisccs coartetewersterdnge in me fe castes ate eetle nee 615,615.54 
Membership. 0.6.0. e ee eens cece neat ences 7,452.26 SUueLE aC APS 30. 109500 ohare ae eee $615,521.06 
ERY RL CE MEME Mie seps) i, piahae. dey a ehieliet odes slice a) a) aves Soto 386.02 ie eae cae 
Oe — *Includes $91,670.00 allocated to ELECTRICAL ENGINEERING subscriptions. 
Morward apace cos ans alesis acebear aie P27O, 200.02) PSdo,Oabe OF * fLoss. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
RPSERVE CAPITAL FUND—SECURITIES, 
Less RESERVE FOR BonpDs OF DOUBTFUL VALUE, 
AprIL 30, 1932 
ExnHisit A. 


SCHEDULE No. 1. 


Face Value Face Value 


or Number or Number 
of Shares Book Value of Shares Book Value 
Total Railroad Bonds —(Forward)...........0.0eeeeee $61,295.00 
RAILROAD BoOnpDs: 
Baltimore and Ohio Railroad Company 6% refund- Public Utility Bonds—(Forward).. : $32,631.00 
ing and general mortgage series ‘‘C,’’ due 1995, Philadelphia Company secured 5% series “Ay sold; 
LEgintereder yy este wok aCe. Searete antes $8,000.00 $ 8,940.00 dive 1907 resistered: « $10,000.00 10,000.00 
Central of Georgia Railway Company 51/2% refund- Shawinigan Water and Power conan ra /% first 
ing and general mortgage series ““B,’’ due 1959, mortgage and collateral trust sinking fund series 
PORISLELGG eters tokate) shelins cy stohs) Siehaisv's sus iorsie -Gansere 5,000.00 5,283.75 “A’’ gold, due 1967. 5,000.00 4,581.25 
: : 4 Texas Electric Service Company, 5%. iese Surtees 
Chicago and Erie Railroad Company 5% first mort- gold, due 1960, registered. . 4,000.00 3,910.00 
gage gold, due 1982, registered.............000- 1,000.00 1,105.00 United Light and Power Company 51 /2% rae ae 
Chicago, Burlington & Quincy Railroad Company and consolidated mortgage gold, due 1959...... 5,000.00 4,975.00 
5% first and refunding mortgage series “‘A”’ gold, (— 
Huck Og iarecistered fie .e citae crastinoietel eietee ss 1,000.00 1,010.00 Totals, «ss s'scne vice i vininsal viewayer sit ote edallel ey a 01? tatty aii ka eee COREE CA 
Chicago, Terre Haute & Southeastern Railway INDUSTRIAL EB OND Se alee. 
Company 5% first and refunding mortgage gold, American Smelting and Refining Company 5% first 
due 1960, registered. .........- 60+. esse essere 8,000.00 7,940 .00 mortgage series ‘‘A’’ gold, due 1947, registered... $9,000.00 $9,085.00 
Florida East Coast Railway Company 5% first and Bethlehem Steel Company 5% purchase money and 
refunding mortgage series ‘‘A’’ gold, due 1974, improvement mortgage sinking fund gold, due 
registered (certificates of deposit).............. 10,000.00 9,818.75 1936, registered. . 5,000.00 5,033.75 
; : ; Fidelity Union Title raed Mertens Guatanty Gaus 
Great phonacrs NS SOE Ne [8% general 1 0 9.847.5 pany first mortgage certificates (on property Nos. 
mortgage series ‘‘B’’ gold, due 1952, registered... 0,000.0 9,847.50 75-79 Prospect Street, East Orange, N. J.) 51 /2%, 
New York Central Railroad Company 5% refund- due 1933. : 14,000.00 14,000.00 
ing and improvement mortgage series ““C,”’ due Tatersauaeel Match Corporation 5% éonvertite 
BOUSarerigteredid eri. Mele aise sicctiyex, see siesta 00;000,,00 5,742.50 gold debentures, due 1941. 3,000.00 2,880.00 
1 ia Rail miviA \ New York Steam et cartion 6% frst motenage 
pesey reat.) SA Saat ae, 2% highest pee te Nhe gold, due 1947, registered. . ; 10,000.00 10,837.50 
a Wd gee ESM eH SSE asin s : 2 08 United States Rubber Cone 5% Brat nde re- 
St. Louis, San Francisco Railway Company 5% funding mortgage series ‘‘A,’’ due 1947, registered 2,000.00 1,915.00 
prior lien mortgage series ‘‘B,’’ due 1950, registered 6,000.00 5,497.50 Western Electric Company a debentures, due 
1944, tered. . 10, .0 818. 
Southern Railway Company 5% first consolidated y Pa ot, oa T ‘be Ges ri fi Bey 2 BIR 
> tgage gold, due 1994, registered 1,000.00 980.00 ara lect ly: cet | et beater eee te os % rst 
eee ‘ i Ses AL ae s ; : mortgage sinking fund series ‘‘A’’ gold, due 1978, 
ee PE he Nek: Ua $61,295.00 Tegistered i. je c.se. be ows, bishs bo oiel als horsemen eke mete eC OOORUG OE 
at. Wace. Total soe ccc ace esos ois: g rer evalial', Bap wiplinyoy ey o)jele lalla aie) Sree gean els ise ann Zone pee OEE 
Stocks: 
Commonwealth Edison Company.. 12 shares $ 2,892.00 
Public Service Corporation of New Tarsey $5. 00 
Pusuic Uriviry Bonps: preferred. . Pee 30 « 2,958.75 
American Telephone and Telegraph 5% sinking United Gas Tniprareaean Conpany es: 00 prefenied Ones 997.50 
fund gold debentures, due 1960, registered...... $15,000.00 $14,625.00 oe a 
, Total. astityctae tute v2 + sheelets fee Ree 848. 
Consolidated Gas Company of New York 51/2% ea : eet in 
gold debentures, due 1945, registered........... 5,000.00 5,187.50 Totals sci fdrch cdnoud cba je $198,085.50 
Duquesne Light Company 41/2% first mortgage —— 
series ‘‘A”’ gold, due 1967, registered........... 3,000.00 2,970.00 Less RESERVE FOR Bonps or DouBTFUL VALUE: 
4 . Florida E i 
Ontario Power Service Corporation, Limited, 51/2% sie: Hast ser ere. esc any 57o Arst ane 
refunding mortgage series ‘“‘A’’ gold, due 1974, : 
first closed mortgage sinking fund gold, due 1950, 
registered. . 5,000.00 eats registered. . map $10,000.00 §$ 9,818.75 
i Rik ee yy pratt eee International Aitaich Copnarationl 5% conveninte 
Pacific Gas & Electric Company 5!/2% first and re- gold debentures, due 1941............. acts. Bie 3,000.00 2,880.00 
funding mortgageseries“‘C”’ gold,due1952,regis, 
CELA os seo nO CC ORO eee ee ene ae 5,000.00 5,137.50 Totals cescveeer sees wince cent $12,698.75 
Forward $32,631.00 Reme@inderrass oho oscson fe $185.386.75 
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FOR THE FISCAL YEAR ENDING APRIL 30, 1933 


; The Board of Directors of the American Institute of Electrical Engineers presents herewith to the 
membership its forty-ninth Annual Report, for the fiscal year ending April 30, 1933. A general balance sheet 
showing the condition of the Institute’s finances on April 30, 1933, together with other detailed financial 
statements, is included herein. This report contains a brief summary of the principal activities of the 
Institute during the year, more detailed information having been published from month to month in ELEc- 


TRICAL ENGINEERING. 


Directors’ Meetings.—The Board of Directors 
held five meetings, three in New York, one in Cleve- 
land, Ohio, and one in Baltimore, Md. The Execu- 
tive Committee held meetings in December and 
March, they being substituted for the regular meet- 
ings of the Board, and acted upon various matters 
between Board meetings. 

Information regarding the more important activi- 
ties of the Institute which have been under considera- 
tion by the Board of Directors, the committees, and 
the various officers is published each month in the 
section of ELECTRICAL ENGINEERING devoted to 
“News of Institute and Related Activities.” 


President’s Visits.—President Charlesworth at- 
tended the two national conventions and the one 
District meeting since the beginning of his adminis- 
tration, and visited a large number of the Sections. 

_ The following is a list of places visited: Vancouver, 

B. C. (Pacific Coast Convention), Canada; Seattle, 
Wash.; Portland, Ore.; Los Angeles, and San Fran- 
eisco, Calil.; Salt Lake City, Utah; Denver, Colo.; 
Omaha, Nebr.; St. Louis, and Kansas City, Mo.; 
Richmond, Va.; Jacksonville, and Gainesville; Fla. ; 
Atlanta, Ga.; Louisville, Ky.; Birmingham, Ala.; 
Raleigh, No. Carolina; Cincinnati, and Columbus, 
Ohio; Memphis, Tenn.; San Antonio, Houston, 
and Dallas, Tex.; Oklahoma City, Okla.; Mi£ul- 
_waukee, Wis.;. Minneapolis, Minn.; Ames, and 
Des Moines, Iowa; Indianapolis, Ind.; Detroit, 
Mich.; Baltimore (District Meeting), Md.; Phila- 
delphia, and Pittsburgh, Pa. 

In connection with these visits, he spoke at several 
meetings of neighboring Branches. 

In May and June, President Charlesworth’s visits 
will include the North Eastern District Meeting in 
Schnectady, the Summer Convention in Chicago, and 
other Sections. 


Meetings.—Three national conventions and two 
District meetings were held during the year, and a 
brief report on each is given below. 


Annual Meeting.—The Annual Business Meeting 
was held at the Hotel Cleveland, Cleveland, Ohio, 
on Monday morning, June 20, 1932, during the an- 
nual Summer Convention. The Annual Report of 
the Board of Directors for the fiscal year ending April 
30, 1932, was presented, and the Tellers Committee 
made its report upon the election of officers for the 
administrative year beginning August 1, 1932. 


Summer Convention.—The forty-eighth annual 
Summer Convention was held at Cleveland, Ohio, 
June 20-24, 1932. Thirty-nine papers were pre- 
sented at ten technical sessions, and printed copies of 
thirteen technical committee reports were available. 
The annual Conference of Officers, Delegates, and 
Members, under the auspices of the Sections Com- 
mittee and the Committee on Student Branches, was 
held on Monday, June 20, and Tuesday, June 21, 
and forty-nine section delegates, nine District Secre- 
taries, and seven Counselor delegates were present. 
The entertainment features included golf and tennis 
tournaments, two dinners, old-time party, and 
various trips. The Lamme Medal, awarded by the 
Institute, was presented to Giuseppe Faccioli at the 
Annual Business Meeting. 1,022 members and 
guests attended the convention. 


Pacific Coast Convention.—The twenty-first Pa- 
cific Coast Convention was held at Vancouver, B. C., 
Canada, August 30-September 2, 1932. At four 
technical sessions, fourteen papers were presented. 
Eleven technical papers by students were presented 
at two additional sessions. The program included 
various social events and trips. The registration was 
300. 


Winter Convention.—The twenty-first Winter 
Convention was held in New York, January 23-27, 
1933. Fifty-eight papers were presented at fourteen 
sessions. At an evening session, the Edison Medal 
was presented to Bancroft Gherardi. Numerous in- 
spection trips, a smoker, and a dinner-dance were 
held. The registration was 1,099. 


District Meetings.— 

District No. Location Dates Papers Registration 
A a ee Providence, R. I...May 4-7, 1932....18........ 252 
Dig aicaeerts Baltimore, Md..... Oct, 10-137 19382ee Lapeer 240 


Six student papers were presented, and a Confer- 
ence on Student Activities was held at the District 
Meeting in Providence. 


Sections.— Despite the unfavorable economic con- 
ditions, the sixty Sections have carried on a normal 
amount of activity, with the usual wide variety of 
interesting and important subjects presented at the 


meetings. 
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The group activities of the Chicago and New York 
Sections continued to produce excellent results, and 
the conduct of classes for the post-college education of 
engineers, started in 1929, were continued by the 
Chicago Section in codperation with other local 
groups. 

President Charlesworth visited a large number of 
Sections (see heading ‘‘President’s Visits’), and will 
visit others later. 

Many Sections have participated in arrangements 
for the relief of unemployed engineers. 

The excellent plans developed by. a considerable 
number of Sections for maintaining close contacts 
with neighboring Branches and for encouraging the 
participation of younger members in Section meet- 
ings have been continued in operation with gratifying 
results. 


Student Activities ——The Student Branches dur- 
ing the past year have had a busy season in spite of 
the period of delayed prosperity. They have con- 
tinued to place their main emphasis upon papers or 
talks delivered by students rather than listening to 
outside speakers and watching moving pictures. 

The large number transferring from the grade of 
Student of the A.I.E.E. to Associates has been 
gratifying, especially at a time when so many former 
members found it necessary to relinquish their 
membership. 

In an effort to increase the number of Students of 
the A.I.E.E., a subcommittee of the Committee on 
Student Branches has been appointed to study the 
present organization of Student Branches and recom- 
mend, if possible, a type of organization which will 
encourage, even more than the present arrangement, 
students in electrical engineering to become affiliated 
directly with the Institute. This subcommittee is 
to render a report at the Summer Convention. 

New Branches were organized at the George Wash- 
ington University, Washington, D. C., and the Uni- 
versity of Porto Rico, Mayaguez, Porto Rico. 


Section and Branch Statistics 


For Fiscal Year Ending 


April 30. April 30 
1927 1929 


April 30 April 30 
1931 1933 


SEcTIONS 

Wittmiber of sections: .......... 000162006 Bie hast 54.... bic or 60 
Number of section meetings held.... 431.... 460.... 491.... 498 
LOCAL ALVCUGATICO LA i iasis wide Soc va 60,708... .73,254......108,523....73;806 
BRANCHES 

Witmber of ‘branches. 7.00. cv cee 3. OF BOO. Sex LOO aL 
Number of branch meetings held.... 842.... 940.... 1,187.... 1,026 
AUGTG] ROCEMIGATICE yin ci eh ai 0/2 ae as 42,650... .47,408.... 51,807... .59,439 


Technical Program Committee.—One of the most 
important phases of the work of the Technical Pro- 
gram Committee throughout the year 1932-33 has 
been the establishment of technical programs for 
national conventions to best meet the broad needs of 
the membership. The committee has also assisted 
District committees by providing papers for District 
meetings. Analyses of the subject matter con- 
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tained in the papers, the number of papers presented, 
and the attendance at the three national conventions 
and two District meetings held during the year in- 
dicate that most gratifying results have been at- 
tained. In addition to the selection of papers for na- 
tional conventions, their review, and recommenda- 
tions for publication, the Conduct of Technical 
Sessions has been revised and, as requested by the 
Board of Directors, a statement of policy in regard 
to papers by non-member authors has been prepared 
for the consideration of the Board. 

As stated in the report of a year ago, an analysis 
was made of the character of the material presented 
during the preceding three years, which indicated 
that but one paper in the field of education and none 
in the field of electrochemistry and electrometallurgy 
had been presented. To fill the need along educa- 
tional lines two important addresses on education 
were delivered by prominent speakers, one at the 
Summer Convention in Cleveland, and the other at 
the Winter Convention in New York. In addition, 
three valuable papers by well-known authors on 
educational work were presented. In the field of 
electrochemistry and electrometallurgy several con- 
tributions were made in sessions held at each of these 
conventions. 

The committee reviewed 208 papers during the 
year, of which 160 were presented. Some papers are 
awaiting scheduling for future meetings, and only a 
few of the papers submitted were returned to the 
authors. Of the total number presented, 121 were 
recommended for publication in the TRANSACTIONS 
and several for publication in ELECTRICAL ENGINEER- 
ING. While the total number presented was only 
three less than the number presented during the 
previous year, a reduction in the average number 
of pages per paper has been brought about by 
careful reviewing and the close codperation of the 
authors, so that 217 less pages were required for 
publication. The total attendance at the three 
national conventions was 2,422, an increase of 9.2% 
over the attendance for these three conventions the 
previous year. This was mainly attributable to the 
splendid attendance of over 1,000 at the Cleveland 
Summer Convention. The grand total attendance 
for the three national conventions and two District 
meetings held throughout the year was 2,914, only 
81/% less than that for the previous year, which is 
considered extremely good in the light of present 
business conditions. Details regarding attendance 
and the number of papers presented and recom- 


mended for publication are given in the attached 


tabulation. 


Through the codperation of several members of the 
comunittee, three men worked with the Secretary dur- 
ing the Winter Convention, taking care of various de- 
tails in connection with conduct of technical sessions. 
It was felt that, as a result of their efforts, the sessions 
were conducted more smoothly and, in addition, 


those in attendance were kept informed as to the 


papers and discussions which were being presented 
in another parallel session. 


Consideration has been given by the committee to 
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the suggestion that small meeting rooms be provided 
during the conventions, so that authors and those 
interested may get together informally to resume dis- 
cussions of papers in cases where time limitations re- 
quire interrupting discussion at the formal technical 
session. The Conduct of Techical Sessions has been 
revised to meet this objective, and rearranged with 
the view toward making its recommendations more 
pointed. 

In view of the objections raised in the past to the 
presentation of papers by non-member authors, the 
committee has been mindful of the situation and re- 
duced the number of papers by non-members on pro- 
grams throughout the year. In accordance with in- 
structions of the Board of Directors, the committee 
has prepared a suggested statement of policy to apply 
also to District committees, which, it is felt, will 
have the effect of still further reducing the number of 
papers presented by non-members, without excluding 
information for the membership as to developments 
ae electrical arts and sciences and in closely allied 

elds. 

The committee wishes to record herein the splendid 
codperation shown by authors and members of the 
various technical committees. It is also a privilege 
to record here the effective and constructive work of 
the Institue headquarters staff and, in particular, the 
Secretary of this committee. 


ATTENDANCE AND NUMBERS OF PAPERS PRESENTED AT 
CONVENTIONS AND MEETINGS 


APRIL 30, 1932, ro Apriz 30, 1933 
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No. 
papers 
No. No. recom- 
papers pages mended for No. of 
presented printed TRANS. sessions 


Attend- 
ance 


NATIONAL CONVENTIONS 
Summer Convention 

Cleveland, Ohio, 

June 20-24, 1932............ Boa ee O4Y fete. SIG Silt Hench. LOe ese 1,022 
Pacific Coast Conven- 

tion, Vancouver, 

B. C., August 30- 

September 2, 1932........... V4 ie acs Sole ascree Oe ates AA ears 300 


.Winter Convention, 
New York, January 
De PLO Arte lstsl = ciieve: shoo. BSe tare 3 SBBnge o's SAR eI LASeE ee 1,100 
ME OCALA epine trl d aiscstas =" 5 12 eee eee (Ei aena Oa rere ae Ps 2,422 


District MEETINGS 
North Eastern District, 

Providence, R. I., 

WAN ea TPE OSD cog nt, anevs niar tele s, LOlersiere se NS Oe obese Loo serie Cees 252 
Middle Eastern Dis- 

trict, Baltimore, Md., 


October 10-13, 1932......... eae, UPA Las IR BS Lora isk Ge aes 240 
ROE Ware ayetbre cee 0) s)=\ehe, « Se pene l= ZEN sheroisvens 2 do raeeeet eas & 492 
SPAN ROLL. carers we vies se 92s UO Onan ae OS 25 reer DTS ay ete BGvmeias 2,914 


* Includes 13 technical committee reports. 


Publication Committee.—The Institute’s techni- 
cal publication service remains a subject of wide dis- 
cussion throughout the membership. Realizing that 
this service represents the principal tangible return to 
the individual member for the dues that he pays, con- 
tinuing attention has been given to possible im- 
provements. Some contemplated developments, of 
course, were arrested as a result of necessary budget 
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reductions, a condition that turned primary attention 
to logical ways and means of maintaining a satis- 
factory level of publication service in spite of neces- 
sary economies. Further exhaustive studies in 
this same direction now are under way with the ex- 
pectation that they will be completed soon and that 
the results and conclusions gained therefrom will 
establish a basis that will enable further constructive 
development in publication policy and _ practice, 
taking fully into account present economic condi- 
tions. 

During the fiscal year that ended April 30, 1933, 
the evolution of the monthly, ELecrricaL ENGINEER- 
ING, was continued as the principal channel of con- 
tact with Institute members and the vehicle through 
which they may keep well informed as to current pro- 
fessional and technical developments, and the 
Institute’s activity in such fields. In 12 issues there 
were given comprehensive abstracts of 121 Institute 
papers, 86 feature articles conveying at least the 
principal substance of that number of Institute 
papers, and 56 special and 11 miscellaneous articles 
selected to give a better balance to the published 
material. In addition, 13 technical committee re- 
ports and comprehensive news reports of all conven- 
tions, District meetings, and other important activi- 
ties were included. 

The QUARTERLY TRANSACTIONS, of course, was 
continued as the usual record publication for formal 
Institute papers and discussion thereon. The ad- 
visability of continuing traditional practice in con- 
nection with the publication of advance pamphlets 
of technical papers remains an open question which, 
as previously indicated, along with other questions of 
policy and practice, is being studied in an effort to im- 
prove publication service. 


Standards Committee.—Following a _ practice 
agreed upon for the preceding year, the Standards 
Committee has confined this past year’s meetings to 
four—one each in October, January, April, and June. 
Within the Institute itself, active work is continuing 
in the development of proposed standards and codes 
through the medium of the interested technical com- 
mittees. The Committee on Electrical Machinery 
has submitted revisions of the standards for ca- 
pacitors, constant current transformers, and for the 
standards in the rotating machinery group.’ It has 
also developed the second of the series of test codes, 
that for synchronous machines. This was published 
in report form in January, 1933. The Committee on 
Instruments and Measurements has offered a draft 
of a proposed standard on recording instruments to 
be published shortly, and is at work on revisions of 
the standards for electrical measuring instruments 
and instrument transformers. The Committee on 
Protective Devices likewise has proposed standards 
in course of development, among which may be men- 
tioned fuses and knife switches. Subcommittees of 
the Standards Committee have in hand proposed 
relay standards, and are at work on questions with re- 
gard to reactive power. ar) 

Within the American Standards Association, many 
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sectional committees are engaged in developing 
American Standards in the electrical field, and have 
largely as a basis of their work A.I.E.E. Standards. 
Several such committees are in process of organiza- 
tion; each will cover a broad field. Among these 
are wires and cables, power switch gear, transformers, 
and measuring instruments. The sectional com- 
mittee on rotating electrical machinery has been at 
work for a number of years. All of these group sec- 
tional committees are now under the sponsorship of 
the Electrical Standards Committee. The  sec- 
tional committees on mercury arc rectifiers and on 
electric: welding are about to complete their work, 
while the conflicts that have held up the final ap- 
proval of the proposed American standard graphic 
symbols in the power, radio, and railway fields are 
apparently cleared up. The report of the same com- 
mittee, but dealing with abbreviations for engineering 
and scientific terms has received approval as Ameri- 
can Standard. 

The work of the Sectional Committee on Electrical 
Definitions is proceeding in accordance with plans 
carefully outlined by its Executive Committee, 
taking into account the tremendous field to be 
covered and the numerous interests involved. From 
present indications, the committee will be able to 
offer its first report for the approval of the sponsor, 
the A.I.E.E., and the American Standards Associa- 
tion, some time next fall. Probably between 3,500 
and 4,500 definitions will be included in the report, 
representing the work of eighteen subcommittees, 
with a personnel involving over 300. This com- 
mittee has just accepted a new undertaking of con- 
siderable present interest, the standardization of 
the names and definitions of electron tubes used in 
radio and for general industrial purposes. 

During the past year, the revised Code for Protec- 
tion Against Lightning was approved. The A.I.E.E. 
and the Bureau of Standards are joint sponsors in 
this undertaking. The Code for School Lighting was 
also approved, and the Institute has appointed repre- 
sentatives to act on a committee charged with the 
development of a Ventilation Code. 


In January of this year, the Institute gave official 


approval to the adoption of a new inch-millimeter 
conversion factor of 25.4, the result of a general in- 
dustrial conference called in October, 1932, under 
the asupices of the American Standards Association. 

Several new Standards publications were issued 
during the year as follows: Revisions of Standards 
Nos. 16 and 30, “Railway Control’ and ‘‘Wires and 
Cables,” respectively. The new Standards are Nos. 
72 and 73 ‘““Waterproof Wires and Cables” and ‘‘Heat 
Resisting Wires and Cables.”’ 


U.S. National Committee of the I. E. C.—The 
U.S. National Committee of the International 
Electrotechnical Commission has operated very 
satisfactorily during the past year in its reorganized 
a two meetings of the committee having been 

eld. 

The committee suffered a severe loss in the death of 
its Honorary President, Dr. C. O. Mailloux, on 
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October 14, 1932. Dr. Mailloux was recognized as 
one of the founders of the I.E.C. and the U.S.N.C. 
and was a moving spirit in both. He was an honor- 
ary president of the I.E.C. The other officers of the 
U.S.N.C. remain in office as reported last year. 

In technical work progress has been made on 
specific projects during the past year as follows: 

1. INTERNATIONAL ELECTROTECHNICAL VOCABU- 
LARY. A comprehensive vocabulary in French and 
English is under compilation. The work will be 
greatly facilitated by the draft report on electrical 
definitions issued during September, 1932, by the 
sectional committee on electrical definitions under 
the sponsorship of the American Institute of Elec- 
trical Engineers under the procedure of the A.S.A. 
A meeting of the advisory committee covering this 
subject was held in Paris in January, 1933, but the 
U.S.N.C. was unable to be represented at this meet- 
ing. 

2. ELECTRICAL AND MAGNETIC MAGNITUDES AND 
Units. The names for the cgs units, magnetic flux, 
Maxwell; flux density, Gauss; magnetic field 
intensity, Oersted; magnetomotive force, Gilbert; 
adopted at the Oslo meeting in 1930, were agreed 
to at a meeting of the Symbols, Units, and Nomen- 
clature Commission of the International Union of 
Pure and Applied Physics, held in Paris in July, 
1932. This action brings these names for the units 
into a very strong position. 

3. RATING OF ELECTRICAL MACHINERY. This 
advisory committee met in Paris in June, 1932. The 
U.S.N.C. was unable to have a representative pres- 
ent. The decisions reached at this meeting are at 
present being considered by the sectional committee 
on Rotating Electrical Machinery and will also be 
considered in the near future by the recently or- 
ganized sectional committee on Transformers. 

4. Evecrric TrRacTION EguipMeNT. A_ joint 
meeting of the advisory committee on Electric 
Traction Equipment—No. 9 and the Comite Mixte 
was held in Milan in April, 1933, the U.S.N.C. hav- 
ing two representatives present. 

A meeting of the Committee of Action of the I.E.C. 
which corresponds to an executive committee, was 
held in Paris in January, 1933. The work of the 
Commission in general was reviewed and two new 
advisory committees, one covering wires and cables 
and another storage batteries, were authorized. 
The U.S.N.C. has not yet decided whether it. will 
participate in these new projects. Plans were made 
for the next plenary meeting of the I.E.C. which is 
to be held in Prague, Czechoslovakia, in 1934. 
The Committee of Action also accepted rules of pro- 
cedure for the advisory committees, subject to the 
ratification of the plenary meeting in 1934, as well 
as a modification of the constitution and functions 
of the Committee of Action, also subject to ratifica- 
tion by the plenary meeting at Prague in 1934. 

A meeting of the advisory committee on Inter- 
nal Combustion Engines—No. 19, for which the 
U.S.N.C. holds the secretariat, is to be held in this 
country, probably in September of this year, at which 
a substantial foreign delegation will be present. A 
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meeting of the advisory committee on Electrical 
Measuring Instruments—No. 13 is at present sched- 
uled to be held in Paris in June. 

- The following standards of the I.E.C. are avail- 
able in printed form and may be obtained from the 
offices of the U.S.N.C. at 29 West 39th Street, New 
York City: 


International symbols: Part 1, letter symbols, publication 27, 
December, 1920. Part 2, graphical symbols for heavy-current 
systems, publication 35, 1930. Part 3, graphical symbols for weak- 
current systems, publication 42, 1931. 


International standard of resistance for copper, publication 28, 
March, 1925. 


Rules for electrical machinery, publication 34, 1930. 


Standard dimensions of bayonet lamp sockets and caps, publication 
37, 1927. 


Standard voltages, publication 38, 1927. 
International rules for traction motors, publication 39, 1927. 
Peter on the testing of hydraulic turbines, publication 41, 


Recommendations for alternating-current watt-hour meters, publica- 
tion 48, 1931. 


Recommendations for instrument transformers, publication 44, 
1931. 
Publication on steam turbines: Part 1, specifications, publica- 
tion 45, 1931. Part 2, rules for acceptance tests, publication 46, 
1931. 


Definitions and rules for switchgear, publication 47, 1932. 


Coordination Committee——In accordance with 
past practice, the committee corresponded with 
District and Section officers to obtain their views 
regarding any national conventions and District 
meetings desired in their respective Districts during 
the calendar year 1934. On account of economic 
conditions, the committee recommended to the 
Board of Directors, at its meeting held on January 
25, 1933, that the adoption of a schedule of 1934 
meetings be postponed to the May meeting of 
the Board, and this recommendation was approved. 


Committee on Transfers.—Numerous discussions, 
in recent years, of methods of encouraging Institute 
members who are qualified for the higher grades to 
submit their applications for transfer resulted in 

recommendations by the Conference of Officers, 

Delegates, and Members, in 1931, and later by the 
Committee on Codrdination of Institute Activities 
which caused the Board of Directors to approve, 
in January, 1932, the appointment of a national 
standing committee on transfers and the encourage- 
ment of the appointment of a suitable committee by 
each Section. 

The functions of the national committee are to 
prepare literature which will encourage qualified 
members to apply for transfer and to codrdinate the 
activities of the Sections in connection with transfers. 
Each local committee is expected to study the quali- 
fications of members of its Section and to urge those 


who are fully qualified for higher grades to apply for . 


transfer. ; 
In October, 1932, the national Committee on 


Transfers distributed to all Sections a statement re- 
garding the functions of the committees, reasons for 
transferring to the grades of Fellow, and Member, 
and suggestions with regard to desirable types of 
procedure. Many of the Sections ‘appointed com- 
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mittees which were active in stimulating the sub- 
mission of applications. 


_ Committee on Legislation Affecting the Engineer- 
ing Profession.—The committee considered the 
April 15, 1932, edition of “A Model Law for the 
Registration of Professional Engineers and Land 
Surveyors,” which had been prepared by a group of 
representatives of various engineering societies. Its 
report was presented at the meeting of the Board of 
Directors held on January 25, 1933, and was referred 
to the Public Policy Committee for recommendation. 


Committee on the Economic Status of the Engi- 
neer.—The activities of this committee were largely 
concerned with conferences which led to the organi- 
zation on October 3, 1932, of Engineers’ Council for 
Professional Development. The committee con- 
sidered various other matters which had been re- 
ferred to it. 


Committee on Safety Codes.—No specific matters 
were presented to this committee as a committee for 
review or action during this year. 

The chairman of the committee, however, can re- 
port on certain items of individual activity as repre- 
sentative of the Institute or of the committee. 

Chairman A. R. Small, of the Electrical Com- 
mittee of the National Fire Protection Association, 
appointed in August, 1932, a special committee to 
handle a somewhat controversial subject for report 
to the Electrical Committee at its annual meeting 
in March, 1933. Mr. Small appointed as chairman 
of this special committee, the representative of the 
American Institute of Electrical Engineers, serving 
on the Electrical Committee, who was also chair- 
man of the A.IJ.E.E. Committee on Safety Codes. 

The subject in question which was handled by this 
special committee was the Use of Bare Neutral Wir- 
ing in Interior Wiring Systems. 

This special committee has functioned satis- 
factorily. Its report was submitted to, and ac- 
cepted by, the annual meeting of the Electrical 
Committee of the N.F.P.A. at its meeting in March, 
1933. 

As indicated, the foregoing was not activity of the 
Committee on Safety Codes as a committee, but 
rather activity of the chairman, and as representa- 
tive of the A.I.E.E. on the Electrical Committee 
of the National Fire Protection Association. 

In addition to the foregoing, a member of the Com- 
mittee on Safety Codes (Dr. M. G. Lloyd) acted as 
representative of the American Institute of Electrical 
Engineers at the meeting of the National Fire Waste 
Council, held on April 7, 1933, in Washington. 


Technical Committees.—The technical commit- 
tees continued their activities in the stimulation of 
the preparation of desirable papers in their respective 
fields and in the review of papers submitted to the 
Institute for presentation and publication. Infor- 
mation on meetings, papers, and publications is 
given on other pages of this report. 
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Membership Committee.—Because of general 
business conditions adversely affecting Institute 
membership, the Membership Committee was un- 
usually active during the current year. The results 
of these activities are summarized briefly as follows: 

1. The usual letter was sent to the entire member- 
ship requesting that they retain their membership 
in good standing, stimulate similar action on the 
part of fellow members, personally solicit prospects 
who are technically and financially able to join the 
Institute, and finally to boost the Institute continu- 
ally. A form was attached to this letter giving the 
names and addresses of the chairmen of all Section 
membership committees, with a tear-off section pro- 
vided to fill in the names and addresses of prospec- 
tive members. This assisted the local committees 
in soliciting new members during the year. 

2. A questionnaire was submitted to the Member- 
ship Committee of each section asking for various 
kinds of information as to the exact routine of han- 
dling membership activities. The results were care- 
fully studied, and indicated a lack of general uni- 
formity in handling this important local work. 

3. A letter was then addressed to each section ex- 
ecutive committee and membership committee re- 
questing, after joint due deliberation, the answer to 
two simple non-leading questions: 


A—How can the activities of the Institute be so improved as to 
attract to its membership those who are eligible to join? 

B—How can the activities of the membership committees, both local 
and national, be improved to best present advantages of membership 
to prospects? ; 


Thirty-eight sections submitted detailed reports 
on these all-important questions. 

4. The Membership Committee then held a meet- 
ing in Pittsburgh on November 18, 1932, at which 
time it carefully discussed all phases of membership 
activities and particularly the suggestions of the 
various sections of ways and means of improving the 
attractiveness of Institute membership. This meet- 
ing resulted in the Chairman being instructed to 
prepare a detailed report summarizing the results of 
the various data collected throughout the year. 

5. On March 8, 1933, a sixty-eight page report 
analyzing the various data assembled was issued in 
its tentative form, this report being divided into 
three parts as follows: 

Part I—Comments on Institute activities. 


Part Il—Proposed membership information pamphlet. 
Part I1I—Simplified membership policy. 


Part I of this report is unusually interesting, giving 
as it does the opinions of a large percentage of the 
membership as reflected through the local organiza- 
tion of 38 sections. It frankly and fully discusses 
some very pertinent points regarding Institute ac- 
tivities and suggested changes thereto. Part II 
develops a proposed membership information pamph- 
let somewhat along the lines of a sales prospectus, 
as the Membership Committee considers the secur- 
ing of new members under present conditions pri- 
marily a sales proposition. Part III closes with 
suggested methods for standardizing and simplifying 
the membership routine in all of the sections. 
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Upon instruction of the President, this report is 
now being carefully studied by the administration 
and various interested committees. 

6. In spite of the adverse business conditions 
and the amount of work involved in the collection of 
the above-mentioned material, 979 applications were 
received during the year. The additions to and 
deductions from the membership during the year 
are given in the following table: 


Six-year 
Honor- Asso- 
ary Fellow Member ciate Associate Total 

Membership on 

April 30,4932 iiececraerne 9... .788......0,871... . 66,703 tn 0, Lorre Ore 
Additions: 

Transferted):....5 4a. suet Line Lots ee Loo 

New members qualified... Senuts Qu sande Ona 4e5c% 165) 

Reinstated soi sich sycuehveee MS icencae ae eats Sater Bs yeaa ged By 
Total iain nein otk: 10 766 4,059... .6,772... .6,960... .18,567 
Deductions: 

Died... drones eawe tare ree eee Reng imeocd Uwe 

Resigned’. scesirst bys -ieur 2 we,cx, L&cnisee LSA 1 400) ee OO: 

Transferred 5... eee wees Linc? IS Plo 

Droppedi..cno- ee oe jasc Ox soon Onmeeg, Litter oss 
Membership on ; 

April 30, 1933) c..566 ccs 92 0%. 129 non 9, 800—. oh DO Soc een Olt One anne 


lar A 


7. The Membership Committee takes this oppor- 
tunity to express sincere appreciation to the local 
administrations and membership committees for 
their wholehearted codperation in assembling the 
important information included in the Membership 
Committee’s special report. 


Deaths.—The following deaths have occurred 
during the year. 


Honorary Member: Jobn J. Carty. 


Fellows: Harry Alexander, William H. Blood, Jr., Alphonse L. 
Drum, Charles W. Hutton, Warren B. Lewis, C. O. Mailloux, 
Robert Orstettich, Horace F. Parshall, William H. Patchell, Nelson 
L. Pollard, Samuel Reber, Frederick L. Rhodes, William Lispenard 
Robb, R. F. Schuchardt, Franklin W. Springer, Roy M. Stanley, 
Lewis L. Tatum, Robert B. Williamson, Robert M. Wilson. 


Members: Mangus W. Alexander, Basil C. Battye, Daniel H. 
Braymer, Frederick B. Brown, W. T. Kendall Brown, George Cris- 
son, William L. Dodge, Park Elliott, George Ferguson, Clarence S. 
Hammatt, William W. Handy, Edwin M. Herr, Frank B. Lamb, 
Fred M. Laxton, Arthur W. Little, Alfred F. Masury, Henry E. 
McGowan, John O. Montignani, M. P. Ryder, Edwin N. Sanderson, 
Harold Seaburg, F. D. Smith, H. O. Swoboda, William W. Tefft, 
Harry N. Van Deusen. 


Associates: Walter Arnstein, Alfred B. Atkinson, George P. 
Baldwin, William A. Barrett, Thaddeus R. Beal, Henry W. Beers, 
Sol D. Benoliel, H. B. Brigham, Thomas F. Corcoran, Herbert 
Edwards, Charles E. Eveleth, Louis G. Freeman, John R. Gilroy, 
Charles F. Goob, Harry W. Hadlock, William J. Harvie, Frank 
Haye, W. R. Hendrey, William H. Hill, John S. Jenks, Frederick W. 
Kelley, Harold C. Klingenschmitt, John E. Konze, Max Kushlan, 
John J. L. Manning, Ira B. Matthews, Yosinobu Matunga, Charles 
8. McGill, Thomas McLean, Alfred Menefoglio, Frank T. Morris- 
sey, Delos E. Parsons, Robert O. Pennell, Archibald J. Robertson, 
Rudolph Rosenstengel, Arthur H. Savage, Frank R. Schmid, 
H. F. L. J. Seyler, James A. Shepard, Louis N. Stoskopf, George C. 
Sutton, Jin Tachihara, Richmond Talbot, Leonard G. Van Ness, 
Reginald H. Wilmot, Walter L. Woodmansee, William F. Yeager, 
Henry L. Zabriskie, Bauke Zondervan. 


Board of Examiners.—The Board of Examiners 
held eight meetings during the past year, averaging 
about three hours, and considered 2,242 cases, di- 
vided as shown in the following table: 
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APPLICATIONS FOR ADMISSION 
Recommended for grade of Associate 


PL OUME COMLGLE ICE Cort rater varni:iae career ens ise sco ceed ocho 11 701 
Recommended for grade of Member......:.................. “40 
No tneco titer ded ebret.)cc.s siete eis) versal Recptioe Giclee elo scab obo oe 6 46 
Wecommended for-grade of Fellow... ..%.cee0i0 ccd cess eeckee ri 
IS OX? REQ EAE Se El se Fo GOES eRe Oo Cke Rie Pee ee 1 5 


Recommended for enrollment as Students 


APPLICATIONS FOR TRANSFER 


mecommended for grade. of Member... 0.0 ce cnccs cues cuecien 109 
IM OPBCGO THIN CHGS mics cuniieserereh eran h ee forh ei ch bbe dared s cook 11 120 
Recommended for gradejof Fellow....c2-csc0< bose cc cicewscecs, “99 


Not recommended 


Institute Prizes.—Four national prizes ($100 
each) and fifteen District prizes ($25 each), for papers 
presented in 1931, were announced on page 418 of 
the June, 1932, issue of ELECTRICAL ENGINEERING. 
The national prizes were presented at the Summer 
Convention in Cleveland, and the District prizes 
were presented at various meetings in the respective 
Districts. 


Scholarships.—The governing bodies of Colum- 
bia University have placed at the disposal of the In- 
stitute each year a scholarship in electrical engineer- 
ing for each class. The awards are made annually 
by an Institute Committee. Each scholarship pays 
$350 toward annual tuition, with provision for re- 
appointment. 

Complete details governing prizes and scholarships 
may be obtained by applying to the National Secre- 
tary of the Institute. 


Edison Medal.—The Edison Medal, founded by 
associates and friends of the late Thomas A. Edison, 
is awarded annually by a committee consisting of 
twenty-four members of the Institute ‘for meri- 
torious achievement in electrical science, electrical 
engineering, or the electrical arts.’ The medal for 
1932 was awarded to Bancroft Gherardi, ‘‘for his con- 
tributions to the art of telephone engineering and the 
‘development of electrical communication.’’ The 
medal was presented at the Winter Convention of 
the Institute, January 25, 1933. 


John Fritz Medal.—The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of civil, mining, mechanical, and 
electrical engineers, awarded the twenty-ninth medal 
to Daniel Cowan Jackling. 


Lamme Medal.—The Lamme Medal was founded 
as a result of a bequest of the late Benjamin G. 
Lamme, Chief Engineer of the Westinghouse Elec- 
tric & Manufacturing Company, who died on July 8, 
1924. The bequest provides for the award by the 
Institute of a gold medal (together with a bronze 
replica thereof) annually to a member of the A.LE.E. 
“who has shown meritorious achievement in the 
development of electrical apparatus or machinery 
and for the award of two such medals in some years 
if the accumulation from the funds warrants. 
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The Lamme Medal Committee of the Institute 
awarded the fifth (1932) Lamme Medal to Dr. 
Edward Weston, ‘for his achievements in the de- 
velopment of electrical apparatus, especially in 
connection with precision measuring instruments.”’ 
Arrangements are being made for the presentation 
of the medal at the annual Summer Convention at 
Chicago, Ill., June 26-30, 1933. 


Alfred Noble Prize.—This prize, established in 
1929, consists of a certificate and a cash award of 
$500 from the income from a fund contributed by en- 
gineers and others to perpetuate the name and 
achievements of Alfred Noble, past-president of the 
A.S.C.E. and of the Western Society of Engineers. 
It is made to a member of any of the codperating 
societies, A.S.C.E., A.I.M.E., A.S.M.E., A.I.E.E., or 
W.S.E., for a technical paper of particular merit 
accepted by the publication committee of any of 
these societies, provided the author, at the time of 
such acceptance, is not over 30 years of age. 

The second award (1932) was made to Frank M. 
Starr, of the General Electric Company, Schenec- 
tady, N. Y., an Associate in the A.I E.E., for his 
paper Equivalent Circuits—I, which was presented 
at the 1932 Winter Convention. 


Commission of Washington Award.—This award 
may be made annually “‘to an engineer whose work 
in some special instance, or whose services in general 
have been noteworthy for their merit in promoting 
the public good,” by a committee composed of nine 
representatives of the Western Society of Engineers 
and two each from the A.S.C.E., the A.I.M.E., the 
A.S.M.E., and the A.I.E.E. No award was made 
for the year 1933. 


Employment Service.—The Institute codperates 
with the national societies of civil, mining, and me- 
chanical engineers in the operation of the Engineering 
Societies Employment Service with its main office in 
the Engineering Societies Building, New York. 
Offices are operated in Chicago and San Francisco 
also. In addition to the societies named, others 
cooperate in certain of the offices as follows: New 
York—Society of Naval Architects and Marine 
Engineers; Chicago—Western Society of Engineers; 
San Francisco—California Section of the American 
Chemical Society, and the Engineers’ Club of San 
Francisco. 

The New York office has been coéperating closely 
with the Frofessional Engineers Committee on Un- 
employment which was organized in the fall of 1931 
by the local Sections of the A.S.C.E., A.I.M.E., 
A.S.M.E., and A.J.E.E. 

The service is supported by the joint contributions 
of the societies and their individual members who are 
benefited. As in the past, it consists principally in 
acting as a medium for bringing together the em- 
ployer and the employee. In addition to the publi- 
cation of the Emp'oyment Service announcements 
monthly in ELEcTRICAL ENGINEERING, weekly sub- 
scription bulletins are issued for those seeking posi- 
tions. 
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American Engineering Council.—This organiza- 
tion, including in its membership more than twenty 
national, state, and local engineering societies has 
continued to represent its constituents in matters 
affecting the public welfare and involving the en- 
gineering and allied technical professions. 

During the past year, recommendations were made 
concerning many bills presented in the Congress of 
the United States, and much attention was given to 
methods of reducing unemployment among engineers 
as well as to studies of the causes which produced the 
depression, and methods of reducing business in- 
stability. The Committee on Relation of Consump- 
tion, Production, and Distribution presented its 
second progress report. The Council sponsored the 
formation of and coéperated in the activities of Com- 
mittees on Engineers and Employment which were 
organized in nearly all of the states. 

The wide range of types of work carried on by the 
Council is indicated by the names of its special com- 
mittees for 1933, including the following: Adminis- 
tration of Public Works; Airports; Air Transport 
Service in Foreign Countries; Bridges; Communica- 
tions; Competition of Governmental Agencies with 
Engineers in Private Practice; Corps of Engineers; 
Engineering Features of Public Domain Report; 
Engineers and Employment; Engineers Water Power 
Policy; Flood Control; Government Expenditures; 
Naval Towing Tank; Oil Pollution of Streams; 
Patents; Public Works Program of A.S.C.E.; Re- 
forestation; Relation of Consumption, Production, 
and Distribution; State Engineering Councils; 
Street Traffic Signs, Signals, and Markings; Tele- 
phone Directory Classification of Engineers; and 
Water Resources. 

On account of economic conditions, the publication 
of the A.E.C. Bulletin was suspended in December, 
1931, and it was replaced in part by a monthly news 
release entitled “Engineering News from Washing- 
Clie ed Gx 2 : 


United Engineering Trustees, Inc.—This organi- 
zation, formerly United Engineering Society, was 
set up by the four national societies of civil, mining, 
mechanical, and electrical engineers to hold in trust 
and to administer for them the Engineering Societies 
Building, in which their headquarters are located, cer- 
tain funds, and the Library. Its charter gives it 
broad powers for the advancement of the engineering 
arts and sciences. 

Extracts from the annual report of the United 
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Engineering Trustees, Inc., were published on page 
209 of the March 1933,, issue of ELECTRICAL EN- 
GINEERING. 


Engineering Foundation.—This department of 
United Engineering Trustees, Inc., was established 
in 1914 by the national societies of civil, mining, me- 
chanical, and electrical engineers ‘‘for the furtherance 
of research in science and in engineering, or for the 
advancement in any other manner of the profes- 
sion of engineering and the good of mankind.” It 
was conceived by Ambrose Swasey, of Cleveland, 
Ohio, and he has made four gifts toward its endow- 
ment. The fund has been generously increased 
through the gifts of the late Edward D. Adams and 
Adams and others, and also through a bequest of the 
late Henry R. Towne. 

Appropriations have been made for various re- 
search projects, and codperation has been extended in 
others. 


Engineering Societies Library.—The Library is | 


administered as a free public library under the direc- 
tion of the Library Board of United Engineering 
Trustees, Inc., this Board being composed of repre- 
sentatives of the national societies of civil, mining, 
mechanical, and electrical engineers. 

The Library contains about 133,273 books and 
pamphlets. It receives regularly about 1,200 techni- 
cal periodicals in many languages, and many addi- 
tional publications issued irregularly. 

A staff of technically trained searchers and trans- 
latorsis maintained. The staff is prepared to furnish 
the following types of service: photoprints, abstracts, 
translations, bibliographies, searches, etc. Special 
arrangements have been made for lending books. 


Representatives.—The Institute has continued its 
representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years. A complete list of 
representatives was published in the September issue 
of ELECTRICAL ENGINEERING. 


Finance Committee.— During the year the com- 
mittee has held meetings frequently, has passed upon 
the expenditures of the Institute for various pur- 
poses, and otherwise performed the duties prescribed 
for it in the Constitution and By-laws. 

Haskins & Sells, certified public accountants, have 
audited the books, and their report follows. 


Respectfully submitted for the Board of Directors, 


May 22, 1933. 


H.H. HENLINE, 


National Secretary. 
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HASKINS & SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 
22 EAST 40TH STREET 


NEW YORK 


May 17, 1933. 
American Institute of Electrical Engineers 
33 West 39th Street, 
New York. 


, 


Dear Sirs: 

We have examined your accounts for the purpose of verifying the stated 
financial condition at April 30, 1933, and have audited your records of cash 
receipts and disbursements for the year ended that date. We submit the 
following exhibits and schedule: 

Exhibit 

A—Balance Sheet, April 30, 1933. 
Schedule 1—Property and Restricted Funds—Securities, Cash 
and Accrued Interest Receivable. 
B—Statement of Cash Receipts and Disbursements of General Funds 
for the Year Ended April 30, 1933. 
C—Statement of Cash Receipts and Disbursements of Property and 
Restricted Funds for the Year Ended April 30, 1933. 


In our opinion Exhibit A sets forth your financial condition at April 30, 
1933, and Exhibits B and C set forth your receipts as recorded and your dis- 
bursements during the year ended that date. 

Yours truly, 
HasKINs & SELLS 
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ASSETS 


PROPERTY FUND INVESTMENTS: 
One-fourth interest in real estate and other assets 
of United Engineering Trustees, Inc., exclusive 


ORMETUSEUNGS: Nc axis etete aie che © mieKeloLanet Olea) ehetalera!s $496,948. 
Equipment: 
Library—Volumes and fixtures............... 37,296. 
NV IEES OMIAEE. CREM cc catecfelare a sieiatere aindes ene cai ola 3,001. 
Office furniture and fixtures (less reserve for de- 
preciation, $19) 160545) oo. scicisnee see een 13,312. 
MEDUrities— COREG le, Ue oie siSiacys iets orellent slisteucre susye eu 10,065. 
Total property fund investments................0. 
RESTRICTED FUND INVESTMENTS—Schedule 1: 
Securities—At cost (less reserve for bonds of 
doubtiul value) ec... o. yours Aplmeye c avoo.go0 $167,493 
(OED) a Ok Bia acs or Coane ta Sc oreo Bie con 8,036. 
Accrued interest receivable...............00000. 223. 
Total restricted fund investments.................-- 
CURRENT AND WORKING ASSETS: 
(GEE cose omo neo ODO U OG ous GHonobonoone done $ 15,648 
Accounts receivable: 
Members—Por Ques... vic ciseie cite oc orc si esecec 44,792 
INAVEREISEES wes vsyel occ asateleve.eToyoy sre yeilaiere) site's pie) shaetiovevresss 282 
WETSCEN AICO ES 2. 6 seis tere veyeepoleuere oi tieieyer ae ares le 3,524 
Accrued interest on investments................ 2,374 
Inventories: 
“QOnarterly.bransactions,” CLC. a. elicleis oe) 5,164 
PERC BUCK COVEE PAPEL oa ie.c cia: sleieeienese ie v.eielelsiere, cis 1,550. 
AAP RS, ol coleseisreietereesi ieee crete breton clei icsuaisle edie te 806 
Total current and working assets...............-0% 
FR OUANS rar sary ayaleice ple selon sick urist ove eos isCalla' ia eloreycoyiscokeretievate weitavate 


$560,623 .65 


175,753 .68 


74,143 .22 


$810,520.55 


BALANCE SHEET, APRIL 30, 1933 


LIABILITIES 
EPROPERTY: FUND) RESERVE systele) cle eel cie) ole eicuein)oietaelet estonia inten netaas 
RESTRICTED FUND RESERVES: 
Reserve; Capital itm op .prejeiehe 4) ones evexeierolensi os tensielel $154,528 .25 
Life’ Membership! Fund’ jen e101) e1s «rel evsicis sels) euelore 10,921.58 
International Electrical Congress of St. Louis Li- 

Hrary anid’, sore Soithe cliche te ois teave sis seotavel ote cevens etereus 4,609.89 
Tamme Medal Fitiiid ae seve isteratenetetstate aa er-t bets retatete 4,665.78 
Mailioux: Fundy c.scverrcestacterietiaeitheier verte aynotens 1,028.18 

Total restricted fund: reserves) < 0/2: .jcte ve «61» «sie sev) alelenel 
CURRENT LIABILITIES: 
Accounts payables... fenerds aes woe ah el ciel deve ere etre $ 5,809.38 
Dues received! in advances. hye. s-= -i-\eielo ls cies eile 2,029.79 
Entrance fees and dues advanced by applicants for 

mem bershtp 55 say io die: aloyatere Ryne comes eee 253.50 
Subscriptions for ‘Quarterly Transactions’ re- 

ceived in advances... cctnm ciclo ieee 114.50 

Total current Wabilittes 77) cl ao evae ici eteeisio aera 
SURPLUS is eyercc. so cia 5 evisin a -ailg (ace aysiteye otexcteltey ele ashe eet ace egette ole Oakeeeeane tes 
i Yo} 2) A OTOMOm OOO Memo OCs odio atiosbodoo on: 


* At April 30, 1932, Property Fund Reserve was included in surplus. 
Nore: In accordance with the usual practice of the Society, no provision has been made for dues which may prove to be uncollectable. 
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$560,623 .65 


175,753 .68 


8,207 .17 


65,936 .05 


$810,520.55 


December 1933 


ExuiBir A 
SCHEDULE 1. 


SECURITIES 


RAILROAD BONDS: 


Baltimore & Ohio Railroad Company 6% Refunding and 
general mortgage series C, due 1995.. 

Central of Georgia Railway Company 5% earisoudnted 
mortgage, due 1945.. 

Chicago & Erie allroad Company 5% ‘fist orteee. ae 
1982.. 

Chicago, Piaciiagton! & lOuidey: Railroad Company 4%, 
due 1958.. 

Chicago, arimeted & Guincy Railrned Gosipany 5% first 
and refunding mortgage series A, due 1971............ 

Chicago & Northwestern Railway Company 61/2%, due 
1936. Sic 

Siicgzo, Tere Haare & (Southeastern Rulbway Compass 
5% first and refunding mortgage, due 1960.. : 

Florida East Coast Railway Company 5% first ead re- 
funding mortgage series A, due 1974 (certificates of 
MLE POSIU) etey toners reset Ne seerecoin ccePevahiet ble shovel Sis uensh cin oeree eres 

New York Central Railroad Company 5% refunding and 
improvement mortgage series C, due 2013.. 

Pennsylvania Railroad Company 41/2% general inoitgage 
series A, due 1965.. 

St. Louis-San Prakeisce Railway Company 5% t prior Nfs 
mortgage series B, due 1950 (certificate of deposit)...... 

Southern Railway Company 5% first consolidated mort- 
gage, due 1994.. 

Western Pacific Railroad Company 5% se series aN dine 1946. 5 


oOtalraurGad. DONS weio 724 9 aailaran sie tearm es hiss "b s0areT vce le wee ele) sna ae tie ches 


PusBiic UTiLity Bonps. 


Consolidated Gas Company of New York ea. deben- 
tures, due 1945.. 

Duquesne Light Gam pay 412% first norton’ series tae 
EC: TOY Kaan Gta aA Re ROR OPCS oi Re Ron eae oC oe eI aeCTOe ES 

Hydro-Electric Power Commission of Ontario Mage due 
1952.. 

New York PelcoHone: iapane 41/2%, aus 1939. 

Pacific Gas & Electric Company 5! ee first and panna: 
ing mortgage series C, due 1952. - 

Philadelphia Company secured 5% series e “due "1967... 

Shawinigan Water & Power Company 4!/2% first caores 
gage and collateral trust sinking fund series A, due 1967. 

Texas Electric Service Company 5% first mortgage, due 
1960.. , 

United Light & Dawer Sompuaar 51% ren are an 
consolidated mortgage, due 1959. Gree erare ener 


Total public utility bonds... .... 1.6... tee tee ee ee een entree sees 


INDUSTRIAL BONDS 
American Smelting & Refining Company 5% first mort- 
gage series A, due 1947. : ‘ 
Bethlehem Steel Conipeny 5% rchaeds money Sandi im- 
provement mortgage sinking fund, due 1936. 
Cleveland Union Terminals’ Company 5% sinking fund 
SETTRS TE UE! LOTS ve occkc iene winiele Chalets aie lehene epeuer fetal ein iela 
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PROPERTY AND RESTRICTED FUNDS SECURITIES, CASH, AND ACCRUED INTEREST RECEIVABLE, APRIL 30, 1933 
Restricted Funds 
International 
Number of Electrical 
Shares of Property Congress 
Stock or Fund of 
Face (Equipment Reserve Life St. Louis Lamme 
Value of Replace- Capital Membership Library Medal Mailloux 
Bonds ments) Fund Fund Fund Fund Fund Total 
$12,000).00 0-2: << orient S10 40K 00 acinomae cron ert Sa 0F OUR EE ne eRe 1 OhOZORDG 
3,000'00.. satis crenwteie eh ATT. SBO Sco Grmcstaran Sete kerae ae ae aa I eZ uO 
1000.00. 7x3 stasis aac RAS LOB SOON s crasiee inn oo oe eine eee enn Ree eee LODE OO 
25 110,070 heen ORO REC Hoa Goto Aste MYA Grea oAoncOOLe b aod ob oedacada nee 4,868.75 
NIKO UUs UUs cates rence. nc 1,010.00 2. Sckieidictars even cette ee aes, < CEE RS rane ere aL LOROD 
9000);.00); 26 as. 6 arts MES2ODE SOS. Sento ous cee bis cers aces Saha Rha eh tse tea SEIT mm Oe OED 
SSOOOHOOS a cteeeesy se ciees F940 OOS aie: 5) srezete iene ote alle seb. ain ioleph fons, <mieaie ao ale GIES ee LO ROO! 
10,000.00 9818575), sss isiwiss 9 icles ejacse ara. His a\ejfeea lenptiars aha, aidyute oe eroete eoeuee MMO TL SE 
6,000.00 + «0,742.50. - 5,742.50 
5,000.00 - 5,130.00. . 5,130.00 
6,000.00 5,497.50. . 5,497 .50 
1000 002 2 anditaw ven 980.00. . 980.00 
15,000).00; sae eerie tesa .00- 7,225.00 
$62,068.75. . $4,868.75............. $4,330.00. . . $71,267 .50 
BB OOO OO. o.5 5. ske eile, 0 ec atay GO pW Bs DO re Reece, re akeviol pares cua ie Po ened es anc pata rats NOM Wei et Net ea Seeetie tat Owe 
SHU IS aes orerteete CAADAD DS coo uo sates acne 2,970.00 
4500100. aerate raneie ce 4 BOOS OO sah 5: sreravces arto eis 304 soe Siaca cals se pnye)elure WEI Ge pBTo laleea eke eee ONO RED 
2,000.00. . 8 STB TS. oon ac soe woe PL,000,005 5) meieSisemo 
8000200. dicks de ce 1B, UBT FOO x sepete: o1e o cpwrs iroaerstsael deere siauniene Roseanne ieee eee mm ea 
OXNUNK Sree (IKK) Peano ME INCInDTOnoAb ocr oo soo tedsve. MNOO.OL 
5,000.00. 8 $:) Bs Teen AS naGhoctasn codcs eae we 
4,000.00. . 3,910 008 5 occ 22 closet = oresole cczteiepee ofensid) al are lsiteke etait ote Naieteaisaeatine mmESEEODEL CRORE 
5, 0007.00 yceeracmeueraniens ADT B Os wracournte. sonore lores fve eteltbleyeyolelinye/oMei eka ene a aaa 4,975.00 
$41 26 A2B een caees teers $ 878.75.......--.... $1,000.00. . $43,140.00 
$9 OUOLO0 ee aerera erate $9 O85. OOS .:c.ceciaa sce comes eee hie Mane trots ae alee OSB 
5/000: 007. ste eee 6083. FBv aa ico caus oe eke eee Oe ats Se een, 6 LOLUB Bey 
400000). B40 LOO says a. lej. fare cepsreyoret ote seus leto lelvysi= systole eiexatare erm = alanelel sae secs asi sles ete 4,010.00 
ry $18,128.75 


Industrial bonds—(Forward)......... 05s seeeeee 


$4,010.00 $14,118.75 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
PROPERTY AND RESTRICTED FUNDS SECURITIES, CASH, AND ACCRUED INTEREST RECEIVABLE, APRIL 30, 1933 


Exuipir A. 


SCHEDULE 1 


International 
Number of Electrical 
Shares of Property Congress 
Stock or Fund of 
Face (Equipment Reserve Life St. Louis Lamme 
Value of Replace- Capital Membership Library Medal Mailloux 
SECURITIES—Continued Bonds ments) Fund Fund Fund Fund Fund Total 
Potanralroddibonds== (hOrwand mein iain tomers ets eveteps Face cite ter stele ov eieseetters\icvahelcteheletievene $62: 068 :2bu- G4, S68c COs iielleleieiei els ete $4380; OO cea eer $71,267.50 
Total public tility bonds—(Forwatd).. 2.5.6.8. oes oo cs saeco snee ce Wih415261); 25-Gr ctare eeeere ene SUSTS 75S. eee eee $1,000.00. . $43,140.00 
Industrial bonds—(Forward). . aie P « $4,010.00. $14, 118...7B.. ...< cbs ctereiae ote ters vo ao. 2 'otaereteletele tereystuolo ere teta ere a Rpaeaate $18,128.75 
Fidelity Union Title and Mioetoage Gaatanty iGantpnny 
first mortgage certificates (on property 75-79 Prospect 
Street, East Orange, N. J.) 54/2%, due 1933........... $15,000.00... 1,000.00), 14,000200. 5 cree soir «cite sir wie) oleieinjieletieranerometalie saa lotere fete te i ystems 15,000.00 
International Match Corporation 5% convertible deben- 
tures, due 1941 (certificate of deposit)................ BHUG OOD ome mencimoe ceo. 6 2,880.00...... aseiskt.o lobster creme Gilets drseais aay ete eee O eie Seen 2,880.00 
New York Steam Corporation 6% first mortgage, due 1947 10,000.00. . 10,837 : BOs. oc. disie oo2 s helolaee ph ovals ie elaberenia syenatel ete eke 1a fehtes Meteieenenepeme 10,837.50 
United States Rubber Company 5% first and refunding 
mortgage series;A; dite L947 eos oc wie ccsieols ere orainee tres 2000.00 sec weesabia 1,915.00... adie’ olclbta eteleuercnaneaaee wlan ERS eee 1,915.00 
Western Electric Company 5% debentures, due 1944...... 10,000.00 . 9,818.75... nn en er 9,818.75 
Youngstown Sheet and Tube Company 5% first mortgage 
Sinking itind- series Ay Gute 1978. hain. ce ade cis tine eyens TOSOODE OO Sy cies cinieterrers LOPIST.. 50. isc ois; wis es wleels lerlalelistotee meee eter tt cence A NES. cite 10,137.50 
FEStAL And uSt rial POnd sarcresieloreucroue is eevee ik, satel evela>sharcueyise sexe/s er sijeferts $5,010.00... $63;707:..50. «steele le croelelereasdincveve siataiene tele) omelentetelieicttetenet ene tenen re $68,717.50 
Municipeat Bonps: 
New York City 4!/2% corporate stock, due 1957........ 2;000)..00) 6.5. 0:0 01s: oie ove, ece eine oo tre oitia vias MMtePe Vetere GD t OS AOD loteitchete ener ete tele alter teeaene anna $ 2,204.05 
CaPpiraL Stocks: 
Commonwealth Edison Company.. 12) Shares. cisic/osais.c,0 10 dove: PAOD | ODE, cis cvoxsnerctoncvotonepoyabaiekery, GLFIe Ie nies ere $ 2,892.00° 
Consolidated Gas Company of ee fore: "$5, 00 cumu- 
lative preferred.. Side 30M » $3,060 O05. lage see aig 's ath rove; ocx, orelee lols proels, Ry ateh ac ois deactienetdoaeetel c/o tenn Coane eae em _ 8,060.00 
Public Service orporation of New: Jersey: $5. 00 prafeeveds 30). 0 a Aldea 2,958.75. 2,958.75 
United Gas Improvement Company, $5.00 preferred..... SON M ase 1,995.00. . 997 /BOR ae sete Sieflane: visa, eel (Sue Ces ya alee alters pelis hep Shenae renee ee 2,992.50 
Motal capitallstoels ve Ge, dotics oases wo veh laren Ih ol creme 9% ned teunatees SPO, ODDUOOLe 0:84.52 050 eae . . $11,903 . 25 
Total securities.......... 0.0.2 e eee ee cece ee ee eeseeeees $10,065.00 $173,885.75. . $4,868.75. . $3,082.80. . $4,330.00. . $1,000.00. $197,232.30 
Less RESERVE FOR BONDS OF DOUBTFUL VALUE: 
Central of Georgia Railway Company 5% consolidated 
mortgage, due 1945. . $3,000 200 nice ieraiectoiene $1477. BOs cise case atedvwr sleet Mo steele Gan eo ee $1,477.50 
Florida East Coast Railway. Cuasani 5% ivet aad re- 
funding mortgage series A, due 1974.. : 00 OMG OMe oncbice tacks CG. iy di Sr eee om Oo At ten c oO Oho choos AGoon 9,818.75 
International Match Corporation 5% con veetible Hepes 
tures, due 1941. é B7O00:.00)....: aictse aie Sie tesa: cep SSO SOO casos sett ey sree le hese tej alate ISIS ener oe caer ae 2,880.00 
St. Louis-San Weenies’ Railway. y Company 5% ¢ prior edien 
mortgage series B, due 1950. §3000).00). 5 tue ste e ByO7, CBOEA.. 5. mraserctera v-+ elieiostemncieee vie enantio ee 5,497.50 
Total reserve for bonds of doubtful value.......... $19,673.75 . $19,673.75 
@POTAL SECURITING, WESS RESERVE. ecjec cous esas bev wenetwe $10,065.00 $154,212.00. . $4,868.75. . $3,082.80. . $4,330.00. . $1,000.00. $177,558.55 
USES The ca ede alii. Wanreete hal Ce SN) SO IREy AIRE, GOs eee TE een en 316.25.. 6,019.50.. 1,459.59.. 235.78. 5.68... $ 8,036.80 
PCC RUB TM REST RRCHIN ATL I. 5.95 «ovis vies ¢oieu adh dol de tk. og bee ies 33.33. . 67.50. . 100.00 22.50. . 223.33 
SEGLAN DLO Dent yaad WeCtirA edu. 0% a\u(P sani eel ersale aie say tera 10,060. O0A. wets.ces ceva vic cere Sai ee ee: . $10,065.00 


Total restricted fund investments.............. 


Restricted Funds 


. $154,528.25. $10,921.58. . $4,609.89. . $4,665.78. . $1,028.18. $175,753.68 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
STATEMENT OF CASH RECEIPTS AND DISBURSEMENTS OF GENERAL FUNDS FOR THE YEAR ENDED APRIL 30, 1933 


Exuipir B. 
Cash on Deposit May 1, 1932, with the National City DOTA == CHORWANG) Ip reietsnatecs tees ais ore ete nec ga $260,643 .03 
arimol@N ewe VOtk ruta nes acc oon) aioe eroye.ers baad $ 14,505.84 DISBURSEMENTS—(Forward).............-0cecece $195,523 .08 
Traveling expenses: 
Board- of (Directorse sss ciecicrse ee ae 3,706 .00 
RECEIPTS: Bratch: Counselors. 5.55); .sic.e e'are4 aise. neosie ore 5,193 .54 
Geographical districts: 
Dues (including $60,391.25 allocated to “Electrical Raecutive Canmmuttecs 4. Mererel ae Je. 1,343.85 
Engineering” subscriptions).................. $165,182.85 Vices Presid neste ne ot en ane ee 1,048.34 
INGRE ES WET ery Sei ty RCE ee 21,678.62 National Nominating Committee............. 994.90 
“Quarterly Transactions’ subscriptions.......... 11,033 .83 United Engineering Trustees, Inc.: 
“Electrical Engineering” subscriptions........... 6,744.00 Library assessment eee ee eee 8,936.00 
Miscellaneous publications, etc.................. 4,586.59 Bullding, assessment....5. eee ee 4,111.05 
BSHERCPCEN Cm POES or ore laredielelevelo ie arcre\ a clevalsoteupsiorehevale 6,116.55 ‘Seandards Goniriit ter iene 8,434.36 
aOR COU GOS) parezaiave lela « sy ceive ene st srs,oue 015s Beauv anal ete 3,109.16 Membership Committees...) 8h eee. nook 5,534.72 
SCL ELE OS arene ete Wo he are oi'e\fe'e ef clicyishs seta! skavoheisieee’ ales; ays 1,078.71 Employ mient service) 4asce 0s) oe Roe 3,466.60 
BE TANI SEEN GEC ope ews) Maiwie 3, cig else Rei slotaieeehe’o a's as 783.14 [Americans tandards Association tana 1,500.00 
BPESG EM TL COTIS sees fay erena eine rcs (eve) o- Svateles ole lete sie le aay 47 .23 Badges, seis sya. cerectbesacwevaie ache are oe Oia arsine 1,009.21 
Interest on investments and bank balances....... 10,257 .51 Bixclange ics hi es tn Wace eee ee 941.75 
Transfer from Reserve Capital Fund, per resolu- Retirement:salary.cyenocc ar oe ee are 900 .00 
tion of Board of Directors on October 12, 1932.. 15,519.00 Tnstitute prizes ss \.:..s toes elo eer ia ais 428.59 
Se Te Finance: Committee; 25.15 a0 asec oem tenn 380.64 
BROEAIERECEL PEST causiere tetera a susians athe ier nate Groner > ere) olial oils hd cab 246,137.19 Wuited Gtates National’ (Commirtecmonlnteriae 
oe oe tional Commission on Illumination............ 300.00 
CRs Cate een ane eR Rae sate ica 5 aiscesy sic" Sie pe Bm rm, Vo ate ae $260,643 .03 Geographical district prizes: 
Best branch paper). 4.are.s to's music eiceoeiehs eee ee 162.00 
Best: Paper ys: jazsesis «i stoke! kelp ote sieie teekewe rte oteraitemees 76.50 
DISBURSEMENTS: Rnitial papers o'a5,.:. 35 eityaatetsaaeverieiets omapteto nara 76.50 
Yobn Fritz medali.j ssis.s1 sceprerat orelers alehel-apstatet neers 140.00 
Publication expenses: Technical Committees. se ctecis cleiueteiom sale oat rege 138.74 
_ Hlecttical Engineering”. .-.. 2+... +.b++0++- PA BS, PEGE Be Headqtiarters Committees... 0c cisions ible = ial 80.71 
POMAtter ys, LYATISACHIONS «4; \ ile. sisys 2 «> 0 Ai wire 17,922.89 Coda Conimitecet bea ee ee eon 60.00 
phecttitcal NApErsanty seni. segs =o sus hewn ole 13,904.29 Bajar Nod sto eatin ees ear ae 54.65 
PEI EN OO Hr alfa ss peveutg sys thar ae Lote veletiana rat wre) b7erroliey ete oj 2,575 .97 Repayment of funds to the Professional Engineers 
IMisCellaniGOusSm te. soc. e eles stale isis: etelelaels oe 2, fat. 10 Cofamitice ow Unemployment einen sae 251.95 
Administrative expenses. .... 0. .... 020 c ee eee eee 42,605.88 Tranates to Reserve Capital Busdat ears 200.89 
MP StibMLE NS OLIONS! ect cas cos sees sites suacore ertis) osetia 28,997 .34 
Bsr EG RC EINES 1-2 po visi so nin be pinieielv evn = Se Totalidisbursements... p10 eee eae $244,994.57 
RESCESENTHEMESTATICHESS, arcefieisl cine Sevece aie AE eyeqe ll Saistekeys 2,832.10 id See 
American Engineering Council..............-.. 13,504.32 Cash on Deposit April 30, 1933, with The National 
: City Bankiof New: York%, to tacis cut doko ele tre eee ers iste gals $ 15,648.46 


Oy AGI bee oblode come aoe tints ogo mo erg $195,523.08 $260,643 .03 
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Exursit C. 


Cash on Deposit May 1, 1932, with East River Savings Bank and Na- 
tonal City, Bamicot, New Orikimernicterecaate ol eset ccs scru suction ciel Pays etree (erally 


4 


RECEIPTS: 
Proceeds Trout sate OF Seeurihles i ¢qwrcieraepeheter ciate 0 tba, ove ais: do) acy ere le piers, Lets 
TREELSSE OT POM Seer cee sere seiral ans ae) Sao NS Cr Pe se llovle tase iBralinie: ie Toys) or e-ene) (ea) ert 
Hifermrem Dersutpylees aereer relNaeyes sO renctavetwers eriore ee es at vanes siehie evehalens 
Transfer, trom General h (11d yep aera.» Mice miss corchars i vcs lo she, eexe1e)'s) susie enone s 
Enterest Qnupank Na lancede snd nmin cone leas a sith slere: «1 +10 (nicleremer sree: os puters 


Mo tal TECepes yar to eceereye eae dace vel oars) siehel soe) sleeve woleherers/sucies «nchehoan 


PERN ON crept ea sri EME hue deters GGT ie) ofan < cals ais siawienehegeie GisLs, «..e,cuolstahale 


DISBURSEMENTS: 
PUECHASE OM SECULI RIES oStrcn ete eee dyer a ok yess Phase aie oie moyen sean Gee ening 
Transfer to General Fund, per resolution of Board of Directors on 
October 2, OSD Fai rescsutep scat she,s: ces islendesoverercletens 
Annual withdrawal authorized in by-lawS...........0- 00 cece eeseees 
Bronze and gold replicas of Lamme Medal...................-+000- 
AlhOothet disbursementsina isc sic ats Jetclevers's avele iti aac oretiviase anstelenetenaganeheyeriayte 


sP OLA GISbUTSEMeNtS) ata try c misini ie ate alee pains wie cep vretaeh be ATA 


Cash on Deposit April 30, 1933, with East River Savings Bank and Na- 
tional: Gitva Bank of New Y.Orketaccisnesuererseveiet cise oni tiaiel sea aes eoanissaveteus ie 


Property 
Fund Reserve 


Transactions A.I.E.E. 


Restricted Funds 


Life 


International 


Electrical 


Congress of Lamme 


(Equipment) Capital Membership St. Louis Medal Mailloux 
Total Replacements) Fund Fund Library Fund Fund Fund 
$15,043.33... .$296.81.. $6,799.11. . $6,359.09. . $1,371.60... .$215.78....$ 0.94 
$31,740 255 co pcs we $31,740.25... 
620.00. cence eeu nenires se eatee 20000508 135000, $7 24000 nets one 
250: LD ochre leto ciate eerie 250.12 
200289 ool sv seeeees enstens 200.89 
E5298. jis tema Meteesieke alee se srelas 152.98 
$32,964.24.,.......... $31,941.14.. $ 603.10..$ 135.00..$% 240.00... .$45.00 
$48,007.57.. $ 296.81. $38,740.25. . $6,962.19. . $1,506.60... $ 455.78... .$45.94 
$15,905.00 . . $15,905.00 
15° 51900 seaerene aueee. 15,519.00 
942 69)),.:0, Satara hinis fh eee. PEO SAR OO) 
ZQO OO. sis sepdv are ase Sue tvesetey chtbenaetele OoMe ene Rees oh ciave Tear TeC ACR este nee omer COC 
7,384,08..% 296.81... 7,000.00... 0.0.0.6 $ AT. OL sch te reais 4 OO 
$39,970.77..$ 296.81. $38,424.00.. $ 942.69..$ 47.01..$ 220.00... .$40.26 
$8,036.80.............$ 316.25. . $6,019.50. . $1,459.59..$% 235.78....$ 5.68 


1933 Index—A.I.E.E. TRANSACTIONS 


Papers and reports contained in the March, 
September—December issues of the 1933 Transac- 
TIONS are covered in this comprehensive annual 
This index embraces all formal 
technical papers and associated discussion presented 
at the Pacific Coast (Vancouver, B. C.) convention, 
August 30-September 2, 1932; the Middle Eastern 
District (Baltimore, Md.) meeting, October 10-13, 


reference index. 


Page Allocation by Issues 


INAGTGHMMNTSA SR Romiaiiic..) <tnaistcie <« axes 41-315 
JNESS 73 CAO DEO Oe eee 316-710 
ee | JG ae 7AA=1153 
December 


Subject Index 
A 


A.I.E.E. Board of Directors 
Report for the fiscal year ending April 
30; 1932. (Hi H.. Henline.) 
KSeptr CC: emcee minis Sarat: ste see oe 
Report for the fiscal year ending April 
ee LOGS: (AH. H. Henline.) 
[SOUiIVOCh) Mann rt ATS sion soe 
A.I.E.E. Technical Committee Reports 
Communication. (Sept.-Dec.)....... 
Electrical Machinery. (Sept.—Dec.).. 
Transformer Subcommittee (June) 
Electrochemistry and Electrometal- 


huEry, 6 (Sept DeC:)., cas oa wae ena 
Instruments and Measurements. 
RSET Ur WOON) rebar -tsssts Ghote chevs.c ce sci 
Tron and Steel Production. (Sept.— 
IDYSD s\n A ce OREEN aR ROR rca ee aoe 
Power Applications, General. (Sept.— 
TBE) ce ote adie in ema Pe eRe a A 
Power Generation. (Sept.—Dec.).... 


Power Transmission and Distribution. 
(SCS OSs BYE OD LAS, ee a re ee eS 
Lightning and Insulator Subcommit- 
OCH COULITO) Vor eg ee arcushe tales) «peice ty 6 
Protective Devices. (Sept.—Dec.).... 
Relay Subcommittee. (June).... 
Transportation. (Sept.—Dec.)....... 
' Accelerated Aging Tests on High Volt- 
age Cable, and Their Correlation 
With Service Records. Roper. 
(SECS DLO Rt aan Mer er rece 
Aging Tests on High Voltage Cable, and 
Their Correlation With Service Rec- 


ords, Accelerated. Roper. (Sept.— 
I DYE) os ie a RANE eee EO 
Air Navigation, Radio Aids to. Green, 
Becker! ((Sept:—Dec.))....... 22-20 


American Gas and Electric Company 
System 1930-31, Lightning Experi- 
ence on 132-Ky Transmission Lines 
ofthe. Sporn: (June)ii. na. s+ se 

Application of Phase Sequence Principles 
to Relaying of Low-Voltage Second- 
ary Networks. Searing, Powers. 
(Hitce) Sasa Cake USRPy sre mar inc 

Applications of Harmonic Commutation 
for Thyratron Inverters and Recti- 
ORS AMV LAS: ex(MURING) > creas cies yen el ab 

Arc,.A New Method for Initiating the 
Cathode of an. Slepian, Ludwig. 
(Ashes) eens 

Are Discharge, 
Bevis CUAT CID) erties ope ous, on acess nante 

Are Extinction Phenomena in High Volt- 
age Circuit Breakers—Studied With 
a Cathode Ray Oscillograph. Van 


New Studies of the. 


1119 


1131 


1088 
1089 
409 


. 1092 


1095 
1096 


1093 
1098 


1114 


466 


15 


607 
1116 


1028 


614 


701 


693 


250 


June, 


Sickle, Berkey. (Sept.—Dec.).... 
Arc, High-Velocity Vapor Stream in the 
Vacuum. Mason. (March)....... 
Are Stability With D-C Welding Gener- 


ators. Ludwig, Silverman. (Sept.— 

DCG ask. nea ee ee eee one 
Are Welding Generator, High-Frequency. 

Johnstone. (March)....... 


Arc Welding Generators With Experi- 
mental Verification, Transients in. 
Miller tem NUaTCh) 7 eee ine ee eee 

Ares, Probe Measurements and Po- 
tential Distribution in Copper A-C. 
Dow, Attwood, Timoshenko. (Sept.— 
Weei)) 2. naire to. a ee ae es 

Armatures of Electrical Machines, Some 
Factors Affecting Temperature Rise 
in. Fechheimer. (June).......... 


B 


Beauharnois Development of the Sou- 
langes Section of the St. Lawrence 


River. Lee. (Sept.—Dec.)........ 
Better Instrument Springs. Carson. 
(Sent DC) eh eat eee eae 


Board of Directors: (See A.J.E.E.) 

Bridge for Precision Power-Factor Meas- 
urements on Small Oil Samples, A. 
Balsbaugh, Moon. (June)........ 

Bridge Methods of Measuring Imped- 
ances, Classification of. Ferguson. 
(Sept:—Decs” cr cheguaseticios amas 


C 


Cable, and Their Correlation With Ser- 
vice Records, Accelerated Aging 


Tests. Roper. (Sept.—Dec.)...... 
Cable, Carrier in. Clark, Kendall. 
(Sept =Dee.) <4 Salas ho mere cee 
Cable Crossing of the Columbia River, 
115-Kv Submarine. Pearson, 
Shanklin, Bullard, Clark. (March) 


Cable Deterioration and Its Application 
to Service Aged Cable, A New 
Method of Investigating. Wyatt, 
Spring, Fellows. (Sept.—Dec.).... 

Cable Insulation, The Effect of High Oil 
Pressure Upon the Electrical 
Strength of. Scott. (Sept.—Dec.) 

Cable Papers, The Electrical Characteris- 
tics of Impregnated. Dawes, Hum- 


phries. _(Sept.—Dec:)\-o 0 =. ape ane 
Cables for Telephone Distribution Pur- 
poses, Use of. Rose, Russell. 
(Mareli)\s.2.\ sev la fave ea eee see res 


Cables, Pulp Insulation for Telephone. 
Walker, Ford. (March).......... 
Cables, Thermal Transients and Oil De- 
mands in. Miller, Wollaston. 
(March) «3.2 gia paekgoreee eee 
Cables, Traveling Wave Voltages in. 
Brinton, Buller, Rudge. (March).. 
Cables Used for Low-Voltage A-C Dis- 
tribution, Voltage Regulation of. 
; Searing, Thomas. (March)...... 
Calculation of Single-Phase Series Motor 
Control Characteristics. | Moore, 
Axtell.- ~(QJiume)\ pce teria: eke 


1145 
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987 


279 


260 


926 


325 


1056 


869 


528 


861 


1028 


1050 


89 


1035 


1013 


Tel 


142 


133 


98 


121 


114 


356 


Capacitance and Loss Variations With 
Frequency and Temperature in 


Composite Insulation. Race. 
(JUNG) ceed oe aie rs Oa 
Carrier in Cable. Clark, Kendall. 
(Sept=—Dee:)kx .hmeists havent eee 


Cathode of an Arc, A New Method for 


Initiating the. 
Gane)’. 628s, Oe ee ee 
Cathode Ray Oscillograph, Arc Extinc- 
tion Phenomena in High Voltage 
Circuit Breakers—Studied With a. 
Van Sickle, Berkey. (Sept.—Dec.) 
(Cathode Ray Oscillograph) The Meas- 
urement of High Surge Voltages. 
Bellaschis a(dune) en eee 
Centralized Traffic Control and Train 
Control of the Baltimore and 
Ohio Railroad. Davis, Dryden. 
(Miarch) <...pacteni sign cae 
Circuit Breaker, A Compression Type 
Low Voltage Air. Prince. (Sept.— 
DGC) cnt eeMae. nach Aaa ee area 
Circuit Breaker Protection for Industrial 
Circuits. Lingal, Jennings. (June) 
Circuit Breakers, Interrupting Capacity 
Tests on. Spurck, Skeats. (Sept.— 
Dea ietiwiek stay hartodongny teense 
Circuit Breakers—Studied With a Cath- 
ode Ray Oscillograph, Are Extinc- 
tion Phenomena in High Voltage. 


Slepian, Ludwig. 


Van Sickle, Berkey. (Sept.—Dec.) 
Circuit Theory, Progress in ‘Three. 
Boyajian. (Sept.—Dec.)...... 


Classification of Bridge Methods of 
Measuring Impedances. Ferguson. 
(Sept=Dee:) (ore occa A eee 

Cleveland Union Terminals Electrifica- 
tion, Operation of 3,000-Volt Loco- 
motives on the. Craton, Pinkerton. 
(Dine)... rc Deheyt ines odes pare eee 

Columbia River, 115-Ky Submarine 
Cable Crossing of the. Pearson, 
Shanklin, Bullard, Clark. (March) 

(Communication) Carrier in Cable. 
Clark, Kendall. (Sept.—Dec.).... 

(Communication) Centralized Traffic 
Control of the Baltimore and Ohio 
Railroad. Davis, Dryden. 
(Mareb). i) 4d aa 

Communication. (Com. rept.) (Sept.— 
Dée:) . Aeies ve eye eee 

Communication Facilities in Transmis- 
sion Line Relaying, The Use of. 
Neher, (Sane). 44-se ace eee eee 

(Communication) Modern Signaling on 
the Reading Railroad. Reich, 
Wright. (March)ie-6. ceases aoe 

(Communication) Pulp Insulation for 
Telephone Cables. Walker, Ford. 


(March) icv otis career tains 
(Communication) Radio Aids to Air 
Navigation. Green, Becker. 
(Sept-Dee.). i ccciaiins marie ee 


(Communication) Radiotelephone Ex- 
periments Over Short Distances. 
MelLean:. (Mareb)-\ aaa. ee 

(Communication) Railroad Signaling 
and Trail Control. Amsden, Van- 
dersluis. ‘QMiarch)\o. 25... 


1932; the winter convention, New York, N.Y., Janu- 
ary 23-27, 1933; the North Eastern District (Sche- 
nectady, N. Y.) meeting, May 10-12, 1933: and the 
summer convention, Chicago, Ill., June 26-30, 1933. 
Addresses and other material presented informally 
at various conventions, and special articles published 
only in ELECTRICAL ENGINEERING, may be found 
in the 1933 index to ELecrricaL ENGINEERING. 
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Communication Requirements of Rail- 


roads. Niesse, Thayer. (March).. 
Communication System on the Penn- 
sylvania Railroad. Forshee. 
CM ar Gi) oct dedin hw le ted eee ees 


(Communication) Use of Cables for 
Telephone Distribution Purposes. 
Rose, Russell. (March). . 

Communications, Inc., Rate Plant of 
RCA. Beverage, Hansell, Peter- 
SoODe, Var) iss aon toca aes 

Commutation for Thyratron Inverters 
and Rectifiers, Applications of Har- 
monic. Willis. (June).........°:. 

Compensating Metering in Theory and 
Practice. Schleicher. (Sept.—Dec.) 

Compression Type Low Voltage Air 
Circuit Breaker, A. Prince. 
(Sept.—Dec.) 

Concepts in Need of Clarification, Reac- 
tive Power. Knowlton. (Sept.— 
Deore ei nide ee Sov tats eee 

Condenser Discharge Applied to Central 
Station Control Problems, The Prin- 
ciple of. Gulliksen. (March).... 

Conductors, Skin Effect in Rectangular. 
Forbes, Gorman. (June)......... 

Construction Features of Special Resist- 
ance Welding Machines. Pfeiffer. 
(Sept Dee: F4Ree seo. tee ee eee 

Control Characteristics, Calculation of 
Single-Phase Series Motor. Moore, 
A telly uC SUNG) Eins tamiete ve Bs.cs eee 

Control, Direct Selection System of 
Supervisory. Reagan. (March)... 

Control for Single-Phase Locomotives, 
Simplified Speed. Giger. (June).. 

Control, Light Sensitive Process. Al- 
Triericle M(MUNG) se Nets wlecaiy wel ste ee 

Control Problems, The Principle of Con- 
denser Discharge Applied to Central 
Station. Gulliksen. (March)..... 

Control, Recent Developments in Elec- 
tronic Devices for Industrial. Gul- 
Insore Ma (JUNG). oc pits cuaisteva lee oe 

Coordination of Insulation. 
singer, Lloyd, Clem. (June)...... 

Codrdination of Transformers, Factors 
Influencing the Insulation. Vogel. 
VUE: Mem otc eet me nc es 

Corona Loss Measurements for the De- 
sign of Transmission Lines to Oper- 
ate at Voltages Between 220 Kv 


and 330 Kv. Carroll, Cozzens. 
(CONMII te) of) peda Pardes citer: Meeks cape ur Re a 
Costs, Segregation of Hydroelectric 
Power. McCrea. (March)....... 


Current and Voltage Wave Shape of 
Mercury Arce Rectifiers. Brown, 
Smith. (Sept.—Dee:.) 0...) 605 eda os 


D 


(Damper Windings) Parallel Operation of 
A-C Generators. Stone. (June).. 
Deion Flashover Protector and Its Ap- 
plication to Transmission Lines, 
The. Opsahl, Torok. (Sept.—Dec.) 
Design Features of the Port Washington 
Power Plant. Post. (Sept.—Dec.) 
Design of Resistance Welder Transform- 
ers. Stoddard. (Sept.—Dee.).. 
Devices, Protective. (Com. rept.) 
{cis 0 tree DJ = cy er eae gb a beg ree et a ed 
Dielectric Losses in Impregnated Paper, 
The. Whitehead. (June)......... 
Direct Selection System of Supervisory 
Control. Reagan. (March)....... 
Discharge, New Studies of the Arc. 
EVER. MOMEYCB)) a te shock os 
Distribution of Safe Ee bok Energy in 


Baltimore, Reception and. Loi- 
MOIS e WC IVIATOL) cities eles oe tgs oe 
Distribution, Power Transmission and. 


(Com. rept.) _ (Sept.Dec.)........ 


282 


288 


142 


75 


701 


816 


844 


997 


356 
240 
379 


512 


232 


585 


417 


411 


973 


332 


895 
900 
731 
1115 
667 
240 


250 


193 


1114 


INDEX OF SUBJECTS 


Distribution Purposes, Use of Cables for 


Telephone. Rose, Russell. 
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Distribution, Voltage Regulation of 


Cables Used for Low-Voltage A-C 
Searing, Thomas. (March)........ 
Drilling Equipment, Variable Voltage Oil 
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Economic Aspects of Water Power. 
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(Education) The Professional Develop- 
ment of the Engineer. Rees. 
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Effect of High Oil Pressure Upon the 
Electrical Strength of Cable Insula- 
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Effect of Transient Voltage Protective 
Devices on Stresses in Power Trans- 
formers. Palueff, Hagenguth. 
(Sept—Dec.)i sepa. oe ae eters | ee 

Electric Welders With Controlled Tran- 
sients, Performance and Design of. 
Greedy, “(Miarchia ei aeeeicte eres 

Electrical Characteristics of Impregnated 
Cable Papers, The. Dawes, Hum- 


phries: (Sept:—Dee)in. . eset 
Electrical Machinery. (Com. rept.) 
(Sept:—Deciieis wucactie arene et 


(Electrical Machinery) Low Frequency 
Self-Exciting Commutator Genera- 
tor. Hull. (June). 

(Electrical Machinery) Parallel Opera- 
tion of A-C Generators. Stone. 
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Motor Pulling-Into-Step Phenom- 
ena. Edgerton, Germeshausen, 
Brown, Hamilton. (June)........ 

(Electrical Machinery) Theory of the 
Three-Wire D-C Generator With 


Two-Phase Static Balancer. Cull- 
wick. (March) <7. \:satiea: oe nearer 
(Electrical Machinery) Two-Reaction 


Theory of Synchronous Machines— 
TT Parke e(Sue)) wr. cytes tees 
Electrical Machines, Some Factors Af- 
fecting Temperature Rise in Arma- 
tures of. Fechheimer. (June).... 
Electrical Operation on the Cascade Di- 
vision of the Great Northern Rail- 
ways Cox. (March), a7 ee 
Electrical Testing in a New Rubber- 


Covered Wire Plant. Protzman, 
Hille (Marth. manmee ee ne ne 
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